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In  this  study,  positive  charge  generation  mechanisms  and  positive  charge 
trapping  centers  in  the  thin  gate  oxide  were  investigated.  Two  positive  oxide  charge 
generation  pathways  with  low  oxide  voltage  or  low  electron  kinetic  energy  thresholds  in 
the  poly-Si  gate/Si02/Si-substrate  structure  are  correlated  with  experiments.  They  are 
initialized  by  Fowler-Nordheim  electron  tunneling  through  sub-100  A gate  Si02.  These 
tunneled  electrons  in  the  polycrystalline  Si  gate  or  crystalline  Si  substrate  generate 
energetic  holes  by  interband  impact  generation  or  interband  Auger  recombination 
processes.  The  energetic  holes  are  then  back  injected  into  the  Si02  valence  band  by 
surmounting  the  4.25  eV  hole  barrier  at  Si/Si02  interface  and  captured  by  oxide  hole 
traps  to  form  positive  oxide  charge.  The  calculated  electron  threshold  energy  to  generate 
positive  oxide  charge  by  impact  generation  is  Vqx  = 5.37  V compared  with  4.92  ± 0. 10  V 
experimental  data,  and  by  the  Auger  mechanism,  Vqx  = 4.25  eV,  compared  with  4.25  ± 
0.26  V experimental  data. 


V 


Thermally  stimulated  hole  emission  technique  is  used  to  characterize  the  hole 
traps  in  the  gate  oxide.  It  shows  two  hole  traps  in  Si02.  The  shallow  oxide  hole  trap, 
near  the  Si02  valence  band  edge,  shows  a continuum  U-shaped  density  of  states  and  is 
attributed  to  the  amoiphous  band-edge  tail  states  from  the  Si02  valence  band.  The  deeper 
oxide  hole  trap  is  very  sharp  with  peak  density  at  1.44  ±0.033  eV  above  the  Si02  valence 
band  edge  and  is  correlated  to  the  oxygen  vacancy  center  (Vq)  [(Si:0)3:::Si« 
.Si:::(0:Si)3].  This  is  compared  with  the  energy  levels  of  the  oxygen  vacancy  calculated 
by  Rudra  and  Fowler.  The  continuum  U-shaped  shallow  oxide  hole  trap  shows  no 
thickness  dependence  and  is  uniformly  distributed  in  the  gate  oxide.  The  discrete  deeper 
hole  trap  exhibits  strong  dependence  on  the  oxide  thickness  and  the  density  increases 
along  with  the  oxide  thickness,  which  suggests  the  discrete  deeper  hole  trap  is  located 
more  closely  to  the  Si/Si02  interface.  These  spatial  dependencies  are  consistent  with  the 
amorphous  band-edge  tail  states  model  for  the  continuum  U-shaped  hole  trap  and  the 
oxygen  vacancy  model  for  the  discrete  deeper  hole  trap. 


VI 


CHAPTER  1 
INTRODUCTION 

Silicon  dioxide  is  used  as  an  insulator  in  the  metal-oxide  semiconductor 
(MOS)  structure  which  is  the  basis  of  current  very  large  scale  integration  (VLSI) 
technology.  The  first  metal-oxide-semiconductor  field  effect  transistor  (MOSFET)  was 
made  by  Kahng  and  Atalla  of  Bell  Laboratory  in  1960  [1].  Since  then,  silicon  dioxide, 
Si02,  has  become  a material  of  great  technological  importance  besides  being  one  of  the 
most  common  compounds.  One  principal  reason  that  silicon  is  a superior  material  for 
integrated  circuits  than  germanium  or  compound  semiconductors  is  that  it  has  a stable 
oxide  with  excellent  electrical  and  mechanical  properties.  Thus,  growth  technology  of 
high  quality  Si02  film  on  crystalline  silicon  can  be  readily  developed  for  manufacturing. 

Although  high  quality  silicon  dioxide  film  has  been  grown  routinely  for  VLSI 
technology,  the  electrical  degradation  of  silicon  dioxide  during  operation  remains  a 
serious  challenge  for  further  shrinking  of  MOSFET.  The  rapid  advances  in 
semiconductor  technology  in  the  last  decade  have  brought  new  concerns  over  the  physical 
as  well  as  technological  limitations  associated  with  the  scaled  MOS  devices.  The  channel 
length  of  0.5|im  and  oxide  thickness  of  100  A are  common  in  today’s  advanced  MOS 
circuit  manufacturing  technology.  Due  to  system  speed  consideration,  the  supply  voltage 
is  not  scaled  in  proportion  to  dimension  scaling.  This  results  in  higher  operational  oxide 
and  channel  electric  fields.  High  electric  field  seriously  reduces  the  gate  oxide  reliability 
since  more  electrons  or  holes  could  attain  high  enough  energy  to  overcome  the  barrier  at 
the  Si02/Si  interface  and  enter  the  oxide.  These  electrons  or  holes  can  then  be  captured  at 
the  electronic  traps  in  the  silicon  dioxide  which  are  caused  by  impurities  or  defects.  At 
high  oxide  electric  fields  and  high  electron  or  hole  energies,  energetic  electrons  and  holes 
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may  create  new  traps  by  breaking  weak  or  strained  bonds.  Thus,  the  operation  reliability 
of  the  metal-oxide-silicon  transistor  (MOST)  and  bipolar  junction  transistor  (BIT)  is  of 
increasing  concern  as  the  areal  dimensions  decrease  below  0.5p,m  and  the  oxide  layer 
thicknesses  decrease  below  100  A [2],  In  particular,  the  positive  charge  build-up  in  the 
gate  oxide  was  identified  as  one  of  the  principal  causes  of  MOS  transistor  instability  and 
circuit  failure  [3],  and  a perceived  cause  of  oxide  dielectric  breakdown  [4,5]  and 
interface  state  generation  [6,7].  Although  considerable  progress  has  been  made  in 
process  technology  [8],  the  fundamental  generation  or  build-up  mechanism  of  the  positive 
oxide-charge  during  electron  injection  into  the  gate  oxide  is  still  incompletely  understood 
after  it  was  first  concisely  described  by  D.  R.  Young  in  the  mid-1970s  as  the  gate  voltage 
’turn-around’  during  energetic  electron  injection  into  the  oxide  [9].  Consequently,  there 
is  not  a satisfactory  physics-based  model  to  account  for  the  much  better  reliability  or 
lower  positive  oxide-charge  build-up  rate  in  MOS  transistors  with  phosphorous-  or 
arsenic-doped  n^  polycrystalline  silicon  gate  (n'^gate)  than  those  with  boron-doped  p”^ 
polycrystalline  silicon  gate  (p'^gate)  [10-13].  The  higher  instability  of  the  p'^gate  poses  a 
serious  design  constraint  on  the  submicron  p-channel  MOS  transistor  to  attain  a ten-year 
operating  life  by  complementary  MOS  (CMOS)  integrated  circuits.  Because  of  lacking  a 
physics-based  model,  there  has  been  a persistent  concern  on  the  severity  and  even  the 
existence  of  positive  oxide-charge  build-up  when  the  power  supply  voltage  decreases 
from  5 V to  3.3  V,  soon  2.5  V and  1.5  V in  future  generations  of  sub-0.5  micron  Si 
CMOS  integrated  circuits.  Therefore,  it  is  very  important  to  clarify  the  oxide  degradation 
mechanisms  under  the  high  oxide  electric  field  stressing  condition,  in  order  to  improve 
oxide  reliability  and  to  provide  accurate  prediction  of  gate  oxide  thickness  scaling  limit, 
and  operation  time-to-failure. 

This  thesis  is  a study  of  the  generation  mechanisms  and  atomic  origin  of  the 
positive  charge  trapping  centers  in  thin  gate  oxide.  In  order  to  build-up  positive  oxide 
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charge  during  electron  transport  in  the  oxide,  holes  must  be  generated  and  be  trapped  in 
the  gate  oxide.  Therefore,  there  are  three  key  questions  to  be  answered  in  order  to 
understand  the  positive  charge  generation  mechanisms  in  sub- 100  A gate  oxide.  The  first 
is  how  the  holes  are  generated  in  gate  oxide;  the  second  is  what  are  the  hole  traps  in  the 
gate  oxide;  and  the  third  is  where  these  hole  traps  are  located.  This  thesis  tries  to  answer 
all  these  questions. 

Chapter  2 reviews  the  positive  oxide  charge  generation  mechanisms  and  the 
known  properties  of  oxide  defects.  These  serve  as  the  stepping  stone  for  studies 
undertaken  in  this  thesis. 

Chapter  3 is  a general  outline  of  the  characterization  of  electron  tunneling  in  a 
MOS  transistor,  which  is  used  as  a basic  tool  for  studying  the  positive  oxide  charge 
generation  in  subsequent  chapters.  The  total-energy  distribution  of  tunneling  electrons  is 
derived  in  order  to  convert  applied  oxide  voltage  to  injected  electron  energy. 

Chapter  4 derives  the  impact  generation  threshold  energy  and  reviews  the 
basic  theory  of  impact  generation  quantum  efficiency  in  Si.  Experimental  results  are 
presented  to  verify  theory. 

Chapter  5 extends  the  theories  in  Chapter  4 to  hole  generation  in  gate  oxide 
and  presents  the  experimental  verification  for  this  theory.  A time-to-failure  extrapolation 
method,  based  on  this  positive  oxide  charge  generation  theory,  is  outlined  in  this  chapter. 
In  this  chapter,  the  first  question  is  answered,  namely  how  the  holes  are  generated  in  gate 
oxide. 

In  Chapter  6,  thermally  stimulated  hole  emission  technique  is  used  to 
characterize  the  hole  traps  in  the  gate  oxide.  The  measured  hole  trapping  energy  level  at 
peak  density  gives  an  indication  of  the  atomic  origin  of  these  hole  traps.  By  varying  the 
oxide  thickness,  to  study  the  thickness  dependence  of  hole  trapping,  an  indication  of  the 
location  or  the  centroid  of  these  hole  traps  is  obtained.  A model  for  the  atomic  structure 
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and  location  of  hole  traps  is  presented  to  explain  the  results  which  answers  the  second 
and  third  questions,  i.e.  the  atomic  nature  and  physical  location  of  the  hole  traps. 

Chapter  7 gives  a general  summary  and  the  conclusions  of  this  study. 


CHAPTER  2 

CHARGE  GENERATION  AND 
ELECTRICALLY  ACTIVE  DEFECTS  IN  Si02 

2,1  Introduction 

Charge  trapping  in  a thin  Si02  insulator  layer  used  in  silicon  technology  can 
be  a major  source  of  instabilities  in  these  devices.  In  this  chapter  previous  studies  of 
charge  generation  and  electrically  active  traps  in  gate  Si02  will  be  reviewed.  This  review 
provides  a basis  for  the  model  and  experimental  verification  described  in  the  next  and 
following  chapters. 

2.2  Positive  Charge  Generation  Model 

Previous  studies  have  shown  that  electron  transport  at  high  electric  fields 
generates  positive  charge  [14-33].  This  is  most  puzzling  because  the  generated  charge  is 
positive,  while  the  initiating  electron,  is  negative.  This  phenomenon  has  been  observed 
in  both  metal  and  poly-Si  gate  metal-oxide-semiconductor  capacitors  (MOSC)  and  metal- 
oxide-semiconductor  transistors  (MOST).  It  is  technologically  important  because 
positive  charge  generation  in  gate  oxide  has  been  associated  with  dielectric  breakdown 
and  interface  trap  generation  [34-36]  in  gate  oxide.  Although  numerous  models  of 
positive  oxide-charge  generation  have  been  proposed  in  the  past  [15-24],  the  mechanism 
is  still  not  well  understood.  These  models  are  illustrated  in  the  transition  energy  diagram 
[37]  in  Figure  2.1,  such  as  transitions  (1),(2),(3),(4)  followed  by  (9)  and  (5).  It  has  been 
speculated  that  the  positive  charge  comes  from  holes  generated  by  interband  impact 
generation  due  to  injected  energetic  electrons  [15] [transition  (5)].  The  holes  can 
subsequently  be  trapped  in  the  gate  oxide  [transition  (11)].  Hole  injection  from  the  anode 
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Poly-silicon — | Si02  1 — Si 


Figure  2.1  Transition  energy  diagram  illustrating  the  charge  generation 
mechanism  in  gate  oxide:  (1)  and  (2)  trap-to-band  tunneling 
emission  from  an  initially  neutral  oxide  trap,  (3)  Emission  of 
trapped  electron  by  electron  impact  emission,  (4)  Hole  injection 
from  the  anode,  (5)  Band-to-band  electron  impact  emission,  (6) 
Breaking  a hydrogen  bond  in  the  oxide  with  the  released  hydrogen 
migrating  toward  the  Si/Si02  interface.  Transition  (7)  through  (10) 
are  the  four  transitions  at  an  electron  trap:  (7)  Electron  capture,  (8) 
electron  emission,  (9)  Hole  capture,  (10)  Hole  emission.  (11) 
through  (14)  are  analogue  transition  for  a hole  trap.  After  Chih-Tang 
Sah,  Fundamentals  of  Solid-State  Electronics-Study  Guide,  World 
Scientific  Publishing  Co.  1993.  Eigure  3.5  on  p.  423. 
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[transition  (4)]  via  surface  plasmon  decay  [17]  vi^as  proposed  by  Fischetti,  via  exciton 
decay  was  proposed  by  Weinberg  and  Rubloff  [18],  and  via  tunneling  injection  of 
energetic  hole  created  by  energetic  electron  by  Weinberg  [19].  The  impact  emission  of 
trapped  electron  model  [transition  (3)]  was  employed  by  Thompson  [38],  in  which  a 
neutral  oxide  electronic  trap  (bridging  oxygen  vacancy)  becomes  positively  charged  when 
its  bound  electron  is  released  by  an  injected  energetic  electron. 

However  attempts  (cited  in  four  numbered  paragraphs  below)  to  account  for 
the  build-up  of  -t-Qox  very  low  gate  voltages  (<5V)  in  very  thin  oxides  (<10nm)  have 
not  been  successful.  Specifically,  the  models  could  not  account  for  (i)  the  very  low 
electron  kinetic  energy  thresholds  in  the  oxide  conduction  band  for  -hQqt  generation,  2eV 
[39-41],  and  OeV;  (ii)  the  magnitude  and  build-up-rate  dependences  of  -i-Qot  the  Si- 
gate  dopant  or  conductivity  type  (p-t-  or  n-r);  (iii)  the  dependence  of  -i-Qot  d(-t-QoTVtlt 
on  the  initiating  electron  energy  or  the  applied  voltage;  and  (iv)  the  temperature 
dependence.  (1)  A neutral  oxide  electronic  trap  (bridging  oxygen  vacancy)  becomes 
positively  charged  when  its  bound  electron  is  impact  released  by  an  injected  energetic 
electron,  [38]  but  this  requires  Vqx  > ~7V.  (2)  Hole-electron  pairs  are  generated  in  the 
oxide  by  energetic  electrons  via  interband  impact  [35,36,42]  and  the  generated  hole  can 
be  trapped  to  give  +Qqt  but  this  requires  Vq^  > Asio2-Gap  ~ 8.5V.  (3)  Electron-hole  pairs 
can  be  generated  in  the  gate  conductor  via  interfacial  plasmon  decay,  proposed  by 
Fischetti  [43],  and  the  generated  energetic  holes  can  tunnel  back  into  the  oxide  valence 
band  from  the  gate  via  the  Weinberg  model  [19]  and  be  trapped  by  oxide  hole  traps,  but 
this  requires  an  energy  or  applied  voltage  greater  than  the  interfacial  plasmon  energy, 
9.45eV  at  the  Si/Si02  interface  and  8.55eV  at  the  Al/SiOj  interface.  (4)  Trapped 
hydrogen  or  proton  is  released  from  the  water-related  protonic  trap  in  Si02  via  energetic 
electron  impact  or  thermal  hole  capture  to  break  the  bond,  resulting  in  positive  oxide  trap 
generation  [30].  It  is  difficult  for  the  hydrogen  model  to  account  for  the  positive  charge 
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generated  in  ultra  dry  oxides  [31]  and  at  low  temperatures  (~77K)  [33].  From  these 
examples,  it  is  evident  that  a new  model  is  needed  to  account  for  the  positive  oxide 
charge  generation  at  low  oxide  voltages.  It  is  technologically  important  in  submicron 
CMOS  technology  which  uses  thin  (<10nm)  gate  oxides  and  operates  at  low 
voltages(<5V). 

2.3  Electrically  Active  Defects  in  SiOp 

In  order  to  build  up  oxide  charge,  generated  holes  or  electrons  in  Si02  must  be 
trapped  in  the  oxide.  The  traps  in  Si02  film  were  separated  into  bulk  and  interface  traps 
using  an  operation  definition.  Interface  traps  will  be  defined  as  those  which  can  rapidly 
capture  and  emit  an  electron  or  hole  between  trap  and  the  silicon  conduction  or  valance 
band  states.  An  oxide  trap  is  defined  as  one  whose  trapped  electron  or  hole  density  does 
not  change  within  a finite  measurement  time  in  a non-injection  thermal  experiment  [44]. 
A comprehensive  review  of  the  properties  of  interface  traps  was  given  by  Sah  [44].  The 
interface  traps  at  the  Si/Si02  interface  can  be  categorized  into  two  group:  intrinsic  traps 
and  extrinsic  traps.  Possible  intrinsic  traps  include  silicon  dangling  bond,  oxygen 
dangling  bond,  silicon  vacancy,  oxygen  vacancy,  interstitial  silicon,  and  interstitial 
oxygen.  The  extrinsic  traps  are  due  to  foreign  impurities.  Sodium  and  hydrogen  are 
known  extrinsic  traps  at  the  Si02/Si  interface. 

A U-shaped  background  and  one  or  more  peaks  have  been  observed  in  the 
density  of  interface  states  spectra,  and  the  peaked  interface  density  of  states  is  usually  at 
0.25  eV  above  the  midgap  [45].  Empirical  methods  using  the  tight-binding  and  Green 
function  methods  for  a cluster-Bethe-lattice  [46,47]  have  been  used  to  study  the 
electronic  structure  of  the  Si02/Si  interface.  These  calculations  suggest  (i)  interface 
states  do  not  arise  simply  from  the  presence  of  a boundary;  (ii)  strain,  rather  than  charged 
centers,  is  the  probable  cause  of  the  U-shaped  continuum;  (iii)  trap  states  due  to  Si 
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dangling  bond  appear  at  about  the  midgap;  (iv)  oxygen  vacancy  and  Si-Si  weak  bonds  at 
the  interface  produce  trap  states  at  an  energy  level  higher  than  the  midgap,  Si-0  weak 
bonds  produce  trap  states  at  an  energy  level  lower  than  midgap  [46,47]. 

Low-energy  electron  diffraction  (LEED)  has  indicated  an  atomically 
abruptness  at  thermally  grown  Si02/Si  interface  which  is  smooth  over  macroscopic 
distances.  The  flat  regions  are  separated  by  sharp  steps  with  step  height  of  typically  1 or 
2 atomic  layers  [48].  Therefore,  the  interface  has  a significant  number  of  dangling  bonds 
as  a result  of  lattice  mismatch  [49].  Electron  spin  resonance  (ESR)  has  identified  several 
defects  at  the  Si02/Si  interface,  namely,  the  P(,o  and  P^i  centers  [49,50] [Figure  2.2]. 
Gerardi  et  al.  showed  that  the  P(,o  interface  trap  is  a trivalent  silicon  dangling  bond, 
Si:::Si»,  pointing  into  a microvoid  in  the  oxide  and  back  bonded  to  the  three  silicon  atoms 
in  the  Si  substrate  [51].  The  lower  density  P(,i  center  has  been  tentatively  attributed  to 
the  monovalent  silicon  dangling  bond  Si20:;;Si»  [51].  The  chemical  properties  of  Pj, 
centers  are  dominated  by  reaction  with  hydrogen.  At  temperature  T > 220  C,  P(,  centers 
are  passivated  by  H to  form  a diamagnetic  HPj,  center;  dissociation  of  passivated  centers 
in  vacuum  occurs  for  temperature  above  550  C [52].  The  processes  are  found  to  follow 
first  order  kinetics  [52,53]. 

Imperfections  in  the  oxide  can  also  be  divided  into  two  groups  : intrinsic  (Si 
and  O dangling  bonds  and  interstitials)  and  the  extrinsic  (impurities).  Sodium  and  other 
mobile  ions  are  known  to  exist  in  the  Si02  which  can  be  easily  identified  by  their  high 
mobilities  at  elevated  temperatures  [54].  Interstitial  oxygen  and  silicon  have  not  been 
detected  by  the  XPS  method  although  they  are  generally  thought  to  exist  [55].  XPS 
spectroscopy  have  confirmed  the  existence  of  oxygen  and  silicon  dangling  bonds  in  Si02 
[56]. 

Since  the  oxide  trap  density  on  oxidized  VLSI  silicon  is  very  low  (less  than 
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Figure  2.2  Current  model  for  P,,  Center  [57]. 


-11- 


0.01  monolayer),  it  is  difficult  if  not  impossible  to  directly  correlate  the  atomic  origin  and 
chemical  bond  structure  of  the  oxide  traps  to  the  charging-generation-annealing 
measurements.  A qualitative  indication  of  the  chemical  structure  of  the  oxide  trap  was 
first  given  by  Hall  in  1966  and  then  extended  by  Sah  in  1976  [6].  Theoretical 
calculations  and  estimates  of  the  energies  of  various  point  imperfections  in  oxides  have 
been  given  by  Sah  [6],  Ruffa  [58],  lizuka  and  Sugano  [59],  Yip  and  Fowler  [60],  and 
Bennet  and  Roth  [61].  All  considered  the  oxygen  vacancy  and  other  defect  centers. 

Three  major  oxide  traps  have  been  detected  by  electron  spin  resonance  (ESR) 
experiment  in  quartz  (a.k.a  crystalline  Si02)  as  discussed  by  Sah  [62].  The  Ej’  center  is  a 
bridging  oxygen  vacancy  with  a hole  trapped  primarily  on  one  of  the  silicon  atoms 
nearest  the  vacancy  and  a dangling  bond  is  on  the  second  silicon  [60,63].  The  unpaired 
electron  remaining  on  the  second  silicon  is  paramagnetic,  thus,  ESR-active.  The  Ej’ 
center  is  an  intrinsic  trap  and  may  be  an  amphoteric  trap.  The  chemical  formula  may  be 
written  as  (Si-0)3:::Si»  [Figure  2.3].  Apparently  the  Ej’  center  has  a number  of  charge 
states  -1,  0,  +1,  -f-2  [64];  each  might  have  a different  atomic  configuration  due  to  lattice 
relaxation  when  a hole  or  an  electron  is  trapped.  It  is  evident  that  this  center  should  be 
present  in  high  concentrations  in  the  oxide  that  was  exposed  to  an  oxygen  deficient 
ambient  at  high  temperature.  The  energy  level  of  Ej’  center  calculated  by  Rudra  and 
Fowler  shows  that  the  -1/0  level  lies  0.7eV  below  conduction  band  minimum,  the  -I-1/+2 
level  lies  1.3eV  above  the  valence  band,  and  0/+  level  lies  5.5eV  below  the  conduction 
band.  The  neutral  O vacancy  is  thus  both  a hole  trap  and  an  electron  trap. 

The  second  oxide  trap  found  in  quartz  is  peroxy  radical  [65,66],  which  is  a 
trapped  hole  on  a singly  coordinated  O2  molecule  ion.  The  unpaired  spin  occupies  the 
oxygen  2p  orbital  perpendicular  to  the  projection  plane  defined  by  the  Si-O-O  bonding 
[65].  The  two  oxygen  atoms  are  attached  to  a silicon  atom  and  next  to  an  adjacent  silicon 
dangling  bond.  Its  chemical  formula  is  (Si0)3:::Si-0-0».  It  is  an  intrinsic  trap. 
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Figure  2.3 


Current  model  for  E’  center  [64]. 
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The  third  oxide  trap  is  the  non-bridging  oxygen  hole  center  (NBOHC)  [66,67] 
which  is  an  oxygen  dangling  bond  adjacent  to  a silicon  dangling  bond  which  is 
hydrogenated.  The  unpaired  spin  occupies  the  oxygen  2p  orbital  which  is  perpendicular 
to  the  plane  defined  by  Si-0»  Si  bonding  [66].  It  is  an  extrinsic  hole  trap  center.  Its 
chemical  formula  can  be  written  as  (Si-0)3:::Si0»  H-Si:::(0-Si)3.  It  is  known  that  non- 
bridging oxygen  hole  centers  predominate  in  the  materials  containing  = 1200  ppm  OH 
and  peroxy  radical  centers  predominate  in  the  products  containing  = 5 ppm  OH  [67].  It  is 
expected  that  the  density  of  NBOHC  traps  would  be  higher  in  wet,  steam  oxide  or  other 
oxidation  ambient  with  high  hydrogen  concentration.  The  weak  hydrogen  bond  can  be 
broken  during  electrical  stress  by  energetic  electrons  or  holes  injected  into  the  oxide, 
resulting  in  an  oxygen  dangling  bond  which  becomes  an  amphoteric  trapping  center. 

Other  defects  in  Si02  have  been  studied,  namely,  the  two  silicon  dangling 
bonds  with  one  of  them  bonded  to  H or  OH  [68]  and  defects  related  to  the  dopant 
impurities  [69]. 

Despite  numerous  studies  of  oxide  traps  in  quartz,  there  has  been  only  limited 
experimental  work  to  characterize  the  electron  trapping  level  in  the  gate  oxide  [62],  and 
no  experimental  work  to  characterize  hole  trapping  centers.  Considering  the  amorphous 
nature  of  the  gate  oxide  in  VLSI  circuits,  the  traps  in  gate  oxide  may  differ  from  those  in 
crystalline  quartz.  The  physical  origin  of  these  traps  and  their  density  in  the  gate  oxide 
are  unknown.  More  work  needs  to  be  done  to  characterize  the  hole  traps  in  the  VLSI  gate 
oxide  and  some  experimental  results  obtained  in  this  thesis  will  be  described. 


CHAPTER  3 

CHARACTERIZATION  OF  MOS  TUNNELING 
3.1  Introduction 

Silicon  dioxide  is  widely  used  as  an  excellent  gate  insulator  in  a metal- 
insulator-semiconductor  structure  mainly  due  to  its  relative  high  energy  barrier  at  the 
Si02/Si  interface.  Further  down-scaling  of  MOS  device  now  faces  a fundamental  limit 
which  is  the  excessive  gate  leakage  due  to  electron  tunneling  through  the  very  thin  gate 
insulator.  This  problem  can  be  more  severe  for  insulators  other  than  Si02,  such  as  silicon 
nitride  which  has  a lower  barrier  height.  This  means  that  the  insulator  thickness  can  only 
be  decreased  to  a certain  thickness  determined  by  the  applied  voltage.  Further  reduction 
of  thickness  will  result  in  excess  gate  current,  reliability,  and  higher  capacitance  which 
limits  the  speed. 

In  this  chapter,  we  shall  derive  the  expressions  for  the  electron  tunneling 
current  in  MOS  based  on  a semi-classical  approach.  We  shall  then  present  some 
experimental  results  based  on  MOS  capacitor  tunneling,  and  discuss  the  Fowler- 
Nordheim  plots  of  the  Iq-Vg  characteristics  which  will  be  used  in  a later  chapter  to 
extrapolate  the  energy  barrier  height  at  Si/Si02  interface. 

3.2  General  Tunneling  Expression 

A MOS  structure  of  n"^  poly-Si/Si02/Si  is  shown  in  Figure  3.1,  which  is  the 
same  structure  used  to  measure  tunneling  current  in  MOS,  and  to  be  discussed  in  Section 
3 of  this  chapter.  The  electric  field  E in  the  Si02  layer  can  be  described  as  E = (Vq  - Vp3 
- V|/s)/tox-  where  is  the  surface  potential  in  the  p-type  silicon,  and  tox  is  the  oxide 
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Figure  3.1  Energy  band  diagram  of  n"^  poly-Si/Si02/Si  MOSC. 
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thickness.  We  can  divide  the  whole  electric  field  into  two  regime  (I)  0 < E < Ej  and  (II) 

E > Ej,  where  Ej  = (q<t)B  - £F)/qtox  the  Fermi  level  of  the  n"^  poly-Si  gate.  In 

region  (I),  the  electron  in  the  gate  sees  a trapezoidal  barrier,  and  direct  tunneling 
dominates.  Tunneling  electrons  travel  the  distance  tQ^  in  the  energy  band 
diagram  (Figure  3.3).  In  region  (II),  the  electron  sees  a triangular  barrier  and  Fowler- 
Nordheim  tunneling  dominates.  Electrons  with  energy  less  than  Eq  = qtjtg  - qEtox  niust 
go  through  the  distance  tox>  but  those  greater  than  Eq  only  go  through  the  distance 

Zq  = (3.1) 

in  the  energy  band  diagram(Figure  3.4). 

The  energy  band  diagrams  for  a MOS  system  are  shown  in  Figure  3.1  to  3.4., 
the  tunneling  current  can  be  obtained  from  the  following  formula. 

J = — — (3.2) 


where  T(e2)  is  the  transmission  probability  of  an  electron  from  the  polysilicon  to  the 
silicon  substrate,  m is  the  electron  mass  in  the  free  space,  q is  the  electron  charge,  and  h is 
the  Planck  constant  divided  by  2n. 

There  are  two  approaches  to  find  out  the  transmission  probabilities  for 
electron  tunneling  in  a MOS  system.  One  is  the  WKB  approximation  [70]  the  other  is  the 
method  based  on  the  multiple-scattering  theory  [71].  To  simplify  analysis,  the  more 
straight-forward  WKB  approximation  is  used  in  this  thesis. 

Depending  on  the  potential  barrier  shape,  the  transmission  probabilities  within 
the  WKB  approximation  become 


r 4(2m*)^^^ 

(e^)  =exp [ (q0B-e2)^^^-(q0B-<3Etox-£z)  ] 

( 3 HqE 


(3.3) 


for  trapezoidal  barrier  "direct  tunneling",  and 

4 (2m*)^^^ 


T2(£v)  = exp 


I-- 


nqE 


(q0B-ez)^^^] 


(3.4) 
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Figure  3.2  Energy  band  diagram  of  n'*'  poly-Si/Si02/Si  MOSC  under  flat  band 
condition. 
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Figure  3.3  Energy  band  diagram  of  n"^  poly-Si/Si02/Si  MOSC  under  "direct 
tunneling"  condition,  trapezoidal  energy  barrier. 


-19- 


Figure  3.4  Energy  band  diagram  of  n"^  poly-Si/Si02/Si  MOSC  under  Fowler- 
Nordheim  tunneling  condition,  triangular  energy  barrier. 
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for  the  triangular  barrier  Fowler-Nordheim  tunneling,  where  m is  the  effect  electron 
mass  in  Si02,  tox  is  the  oxide  thickness,  and  Zg  is  the  tunneling  distance  given  in  Eq. 
(3.1). 

Substituting  Eq.  (3.3)  and  Eq.  (3.4)  into  Eq.  (3.2),  the  tunneling  current  J 

becomes 

,G 


J = 


qm 


27:^11^  J 0 


1/  de,(£f-e,)Ti(£,)  = Jr 


(3.5) 


where 


qm 


Jd=  ; — ’9  “2 

4;r^Iim  tox  ^ 


(2m* '1/2 


(2m*(/>B)i/2 


0B^^^tox+— — ^qEto^  I (3.6: 
2n  ^ 


for  the  region  of  oxide  electric  field  E < Ej,  and 
qm  r r £r 


J = 


2n^h^  ( J 0 


I I d£2(£p 


f^F  n 1 

J d£2  ( £f"'C2  ) T2  ( £2 ) j / 


(3.7) 


where  Eg  = q<l)B  - qEtox-  and  when  E > Ej 


£G 

J = I d£2  ( £f~£z  ) T2  ( ) " '^FN 

J p- 


(3.8) 


where 


q^E^  m 


(- 


cn 


STT^R^g  m 03  sinCTT  t 3 RqE 


) exp  I 


4 (2m*)  1/2 


-0 


3/2 


, (3.9: 


where 


-2  (2m*)  1/2 

C = 0B- 

hqE 


Eq.  (3.9)  corresponds  to  the  Fowler-Nordheim  current  [72],  and  the  Fowler-Nordheim 
equation  is  also  commonly  expressed  in  the  following  form: 
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J 


AE^exp (- 


(3.10) 


3.3  Total-Energy  Distribution  of  Tunneling  Electrons 


The  energy  distribution  of  the  tunneling  electrons  at  the  emitting  surface  can 
be  calculated  using  the  method  analogous  to  the  approach  Sah  [73]  used  to  calculated  the 
electron  emitted  from  the  traps. 

Figure  3.5  shows  the  one-dimensional  potential  energy  of  an  electron  near  the 
Si/Si02  interface.  Let  z = 0 be  the  cathode/Si02  interface.  The  interior(z  < 0)  has  a 
potential  energy,  V = -Vq,  whereas  the  exterior  (z  > 0)  has  the  potential  energy 

V_  = - — - qEz  , (3.11) 

4z 


and  then 


£z  = — ^ . (3.12) 

^ 2m 


Let  n(e)  be  the  number  of  electrons  per  unit  volume  with  energy  between  £ 
and  e -i-  de.  Then  the  number  of  incident  electrons  within  the  solid  angle  to  and  co  -f-  dco  is 


V 

N(0,e)dO)de  = n(e) cos6sin6d0d0de  , (3.13) 

47T 


where  v is  the  velocity,  and  v = [2  ( e - V ) / and 

dfi- 

|v|cosesind0d0  = (3.14) 

[2m(e-V)]^^^ 


Substituting  Eq.  (3.14)  into  Eq.  (3.13)  and  integral  over  to,  the  number  of  electrons  with 
energy  from  e to  e -H  de  and  with  e^,  to  e^  + de^  incident  on  the  cathode  surface  is 

-n(e) 

N(e,£^)dede„  = — — dede„  . (3.15) 

^ [8(£-V)]^/2 
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Figure  3.5  One  dimensional  potential  energy  of  an  electron  at  the  the 
cathode/SiOj  interface. 
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From  the  Fermi  statistics, 

n(e)de  = — — — de  , (3.16) 

2;r2n2{exp[  (£+0b) /kT]  + 1} 

Substituting  Eq.  (3.16)  into  Eq.  (3.15)  gives 

m 

N(e)dede_  = — — — dede_  , (3.17) 

2n^Yi^{ex.p[{e+0^) /-kT]  + 1} 

The  transmission  probabilities  are  given  in  Eq.  (3.3)  and  Eq.  (3.4).  The  total 
energy  distribution  is  given  by 

f-Vo 

D(e)de  = T{£^)N(E , E^)d£de^  . (3.18) 

J E 


After  recognizing  that  the  integrand  in  Eq.  (3.18)  is  decreasing  rapidly  away  from  the 
Fermi  level.  By  taking  the  Taylor  expansion  of  (<l)g  - 6^)^^^  and  keeping  the  first  two 
terms,  the  Taylor  expansion  yields 

(0B  - - £z)  • (3.19) 


Since  the  integrand  is  zero  when  = -Vq,  -Vq  limit  can  be  set  to  -o«.  Substituting  Eq. 
(3.19)  and  Eq.  (3.3)  into  The  Eq.  (3.18)  gives 

mc,exp(-Ci+e^/c,)  exp(e/c,) 

D(e)de  = i ^ = ^de  , (3.20) 

27T^R^{exp  [ ( £ + £p) /kT]  + 1} 

where 

4(2m*(/>B3)i/2 
= , 

3RqE 

and 

RqE 

“ 2(2m>B)l/2 


Eq.  (3.20)  is  the  total  energy  distribution  for  field  emitted  electrons. 
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The  results  of  calculated  total  energy  distribution  at  the  emitted  surface  is 
illustrated  in  Figure  3.6  to  Figure  3.8.  One  notes  that  the  half-widths  of  the  distributions, 
corresponding  to  different  oxide  electric  fields,  are  less  than  0.1  eV.  The  peaks  of  the 
distributions  generally  lie  very  close  to  the  conduction  band  minimum.  Therefore, 
electrons  emitted  from  the  polysilicon,  in  effect,  have  a 5 function  energy  distribution 
centered  at  the  polysilicon  conduction  band  minimum.  So,  a good  approximation  for  the 
field  emitted  electron  energy  after  Fowler-Nordheim  tunneling  is 

e = qVox  .21) 

For  "direct  tunneling"  one  can  arrive  at  a similar  conclusion. 

3.4  Experiment 


3.4.1  Sample  Fabrication 

The  cross  section  of  the  BiMOS  devices  used  in  our  experiments  is  shown  in 
Figure  3.9  and  Figure  3.10.  The  starting  wafers  of  the  BiMOS  transistors  are  a 
phosphorus-implanted  n-well  on  a p7p-i-  <100>  and  boron-implanted  p-well  on  a nVn-t- 
<100>  silicon  substrate  provided  by  our  industrial  mentors.  Four  oxide  variations  were 
grown  on  the  n-well/p'/p"^  substrate,  and  four  were  grown  on  the  p-well/n'/n"^  substrate. 
Oxide  thicknesses  were  35  A,  55  A,  80  A,  and  110  A.  Immediately  following  the  gate 
oxidation,  a 3500  A thick  polycrystalline  silicon  layer  was  deposited  on  top  of  the  gate 
oxide.  A 5x10^^  cm‘^  arsenic  dose  was  implanted  into  the  polysilicon  layer  of  p- 
well/nVn'^  wafers,  and  a 5x10^^  cm'^  boron  dose  was  implanted  into  the  polysilicon  layer 
of  n-well/pYp"^  wafers.  Following  the  implantation,  a rapid  thermal  anneal  is  performed 
to  form  a n"^  polysilicon  and  p"^  polysilicon  gate.  The  n-well  and  p-well  are  about  l|im 
thick  with  a surface  phosphorus  and  boron  concentration  of  2.0xl0'^  cm“^.  The  substrate 
is  about  725  |J.m  thick. 


Total  — Energy  Distribution 
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Electron  Energy  ( eV  ) 


Figure  3.6  Total-energy  distribution  for  field  emitted  electrons  at  0,  77,  and 
300  K,  calculated  with  tox  = 55  A,  and  Vqx=4.5  V.  The  curves  are 
arbitrarily  normalized  for  the  maximum  number  of  0 K curve. 
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Electron  Energy  ( eV  ) 


Figure  3.7  Total-energy  distribution  for  field  emitted  electrons,  calculated  with 
tox  = 55  A,  at  Vqx=3.0,  3.5,  4.0,  4.5,  and  5.0  V.  The  curves  are 
arbitrarily  normalized  for  the  each  curve. 
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Figure  3.8 


Total-energy  distribution  for  field  emitted  electrons,  calculated  with 
= 35,  55,  and  80  A at  Vqx=4.5  V.  The  curves  are  arbitrarily 
normalized  for  the  maximum  number  of  each  curve. 
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Figure  3.9  Crosssection  of  an  n-channel  BiMOS  transistor. 
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Figure  3.10  Crosssection  of  a p-channel  BiMOS  transistor. 
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The  oxidized  wafers  with  polysilicon  and  polysilicon  layers  were  used 
to  fabricate  the  self-aligned  n"^  polysilicon-gate  nBiMOS  and  p'^  polysilicon  pBiMOS  test 
structures.  The  wafers  were  separated  into  two  groups  of  nBiMOS  and  pBiMOS,  and 
processed  separately  in  different  furnaces.  The  wafers  were  first  cleaned  using  a four  step 
procedure  (TCA,  acetone,  methanol  and  DI),  then  oxidized  for  half  an  hour  in  dry  oxygen 
at  an  ambient  temperature  of  900  C to  grow  the  masking  oxide.  Following  oxidation,  the 
wafers  were  slowly  pulled  out  of  the  furnace  in  a dry  nitrogen  ambient.  The  wafers  were 
then  patterned  by  photolithography  to  define  the  source,  the  drain  and  the  gate.  The 
polysilicon  and  oxide  layer  on  top  of  the  source  and  drain  regions  was  etched  and  an 
implant  masking  oxide  was  grown  in  dry  oxygen  at  900  C for  45  minutes.  The  implant 
masking  oxide  was  characterized  by  using  a Nanometrics  reflectance  spectrometer.  The 
average  thickness  of  the  implant  oxide  is  280  A.  A 2x10^^  cm'^  dose  of  boron  impurities 
was  implanted  at  30  keV  for  p+  poly-Si  gate  pBiMOS  (n-well/pVp'^  substrate),  and  a 
2x10^^  cm'^  dose  of  arsenic  impurities  was  implanted  at  70  keV  for  n-i-  poly-Si  gate 
nBiMOS  (p-well/nVn"^  substrate).  Following  the  implantation,  the  annealing  and  drive-in 
of  boron  impurities  was  performed  with  the  following  sequences:  anneal  the  implant 
damage  for  30  minutes  in  dry  nitrogen  at  800  C,  ramp  temperature  from  800  C to  900  C 
in  dry  nitrogen  for  15  minutes,  and  drive-in  in  dry  oxygen  at  900  C for  1 hour.  The 
annealing  and  drive-in  of  arsenic  impurities  was  performed  with  the  following  sequences: 
anneal  the  implant  damage  for  45  minutes  in  dry  nitrogen  at  800  C,  ramp  temperature 
from  800  C to  900  C in  dry  nitrogen  for  45  minutes,  and  drive-in  in  dry  oxygen  at  900  C 
for  1 hour  and  20  minutes.  There  is  about  300  A to  350  A thick  oxide  grown  in  this 
process  which  is  used  as  the  passivation  layer  for  the  device.  The  polysilicon  on  the 
emitter  region  was  then  etched  off.  The  contact  window  for  gate,  source,  drain,  emitter 
and  guard  ring  are  opened  by  etching  off  the  oxide  on  the  above  regions.  High  purity 
MOS-VLSI  grade  aluminum  was  thermally  evaporated  from  a shuttered  resistance-heated 
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tungsten  boat  in  vacuum  (<  1x10'^  torr)  onto  the  front  and  back  of  the  wafers.  Contacts 
to  the  gate,  drain,  source,  and  base  are  defined  by  etching  away  the  excess  aluminum. 
The  wafers  were  then  diced  into  individual  100x100  mil  chips.  To  avoid  edge  effect,  a 
mesa  etch  was  performed.  The  chip  is  attached  to  a 8-pin  TO-5  gold  plated  header  using 
silver  epoxy  and  baked  in  the  furnace  at  85  C.  1 mil  gold  wires  was  bonded  to  the  contact 
pads  and  posts  of  the  8 pins  header  by  ultrasonic  compression  at  room  temperature.  A 
metal  can  was  used  to  protect  the  bonded  device. 

3.4.2  Measurement 

The  tunneling  measurement  circuit  configuration  is  shown  in  Figure  3.11. 
The  n+  poly-Si  gate  nMOS  transistors  were  used  in  this  experiment.  The  negative  gate 
voltage  was  increased  at  0.2V/0.2sec  step  from  Vj  to  Vf.  The  voltage  increasing  rate  is 
made  fast  enough  to  minimize  oxide  charge  generation.  The  gate  current  was  measured 
by  a Keithley  482  picoammeters. 

The  tunneling  gate  currents  for  several  gate-oxide  thicknesses  are  presented  in 
Figure  3.12.  The  experimental  tunneling  Iq-Vq  curves  of  thin  oxides  are  shown  as  solid 
lines.  The  dashed  lines  correspond  to  the  theoretical  curves.  A background  base  current 
of  0.01  pA  was  subtracted  from  the  measured  Iq-Vg  curve,  which  gives  a maximum 
resolution  about  1 pA/cm^  for  the  measurement.  The  tunneling  gate  currents  for  several 
gate-oxide  thicknesses  versus  oxide  electric  field  are  presented  in  Figure  3.13.  For  55  A, 
80  A,  and  1 10  A oxide,  the  tunneling  current  agrees  well  with  the  theory  and  essentially 
all  due  to  electrons  tunneling  through  the  triangular  barrier(a.k.a.  Fowler-Nordheim 
tunneling)  as  indicated  in  Figure  3.13.  As  for  35  A oxide,  the  direct  tunneling  theory 
underestimates  the  tunneling  current  in  a low  oxide  electric  field  regime  as  indicated  in 
Figure  3.12  and  Figure  3.13.  There  are  several  possible  causes  for  this  discrepancy.  (1) 
The  Fermi  level  of  the  n^^  poly  Si  gate  may  well  be  inside  the  poly  Si  conduction  band. 
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Figure  3.11  Experimental  set-up  for  tunneling  measurement. 
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Figure  3.12  Tunneling  gate  current  vs.  oxide  voltage  for  different  oxide 
thickness. 
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Figure  3.13  Fowler-Nordheim  tunneling  gate  current  vs.  oxide  voltage  for 
different  oxide  thickness. 
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As  in  most  tunneling  analyses,  it  is  assumed  only  electrons  near  the  Fermi  surface  can 
contribute  to  the  tunneling.  But,  when  tQx  becomes  much  thinner,  even  electrons  near  the 
bottom  of  the  Fermi  sea  can  take  part  in  the  tunneling.  (2)  Although  the  Fowler- 
Nordheim  tunneling  current  is  independent  of  the  Si02  layer  thickness  at  the  same  oxide 
electric  field,  the  leakage  current  of  "direct"  tunneling  current  is  very  sensitive  to  the 
oxide  thickness  tox  and  effective  mass  m*  as  indicated  in  Eq.  (3.6).  The  effective  mass 
values  used  here  and  by  previous  authors  are  convenient  parametrization  of  experimental 
observations.  Two-band  effects  on  tunneling  and  more  complicated  models  such  as  the 
asymmetric  2-band  may  need  to  be  considered  to  give  a more  accurate  count  on 
transmission  probability  T|(z)  in  Eq.  (3.1)  and  effective  mass. 

The  Fowler-Nordheim  equation  assumes  the  linear  relationship  between 
log(lQ/Eox)  and  I/Eqx-  The  Eowler-Nordheim  plot  of  Fowler-Nordheim  part  of 
tunneling  current  for  55  A,  80  A,  and  110  A oxide  are  presented  in  Figure  3.14.  The 
quantities  of  A and  B can  be  extracted  by  using  Eq.  (2.9),  which  gives  an  effective 
electron  mass  of  the  Si02  and  potential  barrier  height.  This  method  will  be  employed  in 
Chapter  5. 
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Figure  3.14  Fowler-Nordheim  tunneling  plot  for  different  oxide  thickness. 


CHAPTER  4 

IMPACT  GENERATION  IN  THE  SILICON 
4.1  Introduction 

Impact  generation  in  semiconductor  has  received  wide  interest  due  to 
interesting  fundamental  physics  and  important  applications  for  device  operation  and 
reliability.  In  general,  high  energy  carriers  can  be  generated  under  high  electric  field  in 
semiconductors  such  as  in  the  reverse  biased  p/n  junction.  The  high  energy  carriers 
generated  in  these  cases  often  have  a complex  energy  distribution  which  is  difficult  to 
analyze.  Since  electron  transport  during  electron  tunneling  through  thin  (<  80  A)  oxide  is 
ballistic,  the  energy  distribution  of  these  injected  electrons  is  known.  The  resulting 
distribution  is  closely  approximated  by  a delta  function.  The  MOST  with  a thin  gate 
oxide  is  an  ideal  vehicle  to  study  impact  generation  in  semiconductors.  In  this  chapter  we 
shall  demonstrate  the  determination  of  the  quantum  yield  by  a hot  carrier  with  energy  E. 

4.2  Theoretical  Background 

In  the  impact  generation  process,  an  electron-hole  pair  is  generated  when  an 
electron  of  high  energy  in  a conduction  band  loses  some  of  its  energy  by  interaction  with 
a valance  electron  which  is  promoted  into  the  conduction  band.  Three  carriers  result,  two 
electrons  and  a hole,  via  the  interaction  of  the  initial  electron.  Such  a process  is  shown  in 
Figure  4.1  with  a silicon-like  indirect  energy  band  structure.  The  inverse  process  of 
impact  generation  is  the  Auger  recombination  process.  Figure  4.2  shows  a electron-hole- 
hole  Auger  recombination  transition.  A simple  model  for  impact  generation  in  Si  was 
first  proposed  by  Wolff  [74]  who  did  not  consider  the  effect  of  the  energy  band  structure. 
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Figure  4. 1 


Energy  band  diagram  for  the  Impact  generation  by  an  energetic 
electron  in  silicon. 
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Figure  4.2 


Energy  band  diagram  for  the  Auger  recombination  by  an  energetic 
electron  in  silicon. 
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Later,  Shockley  and  Baraff  [75,76]  developed  an  improved  theory  for  ionization 
probability  by  applying  the  energy-independent  ionization  mean-free  path.  More 
recently,  ionization  probability  was  theoretically  treated  by  Drummond  and  Moll  [77] 
based  on  the  "scattering  rate"  calculation  developed  by  Kane  [78,79]. 

Using  the  transitions  indicated  in  the  E-k  diagram,  the  initial  electron  state  in 
the  conduction  band  is  1 and  the  initial  electron  state  in  the  valence  band  is  4.  2 is  the 
final  state  of  1,  and  3 is  the  final  state  of  4.  Using  the  parabolic  band  approximation,  the 
energy-momentum  relation  can  be  expressed  as 

Ei=n%2/2mi=Pi2/2mi  (i=l,2,3,4).  (4.1) 

Energy  conservation  requires  that 

0E  = El  - E2  - E3  - E4  - Eg  = 0,  (4.2) 

and  the  momentum  conservation  requires  that 

= Pi  - P2  - P3  + P4  = 0-  (4.3) 

In  addition,  a reciprocal  lattice  vector  can  be  added  to  the  momentum  conservation 
component  of  the  momentum.  The  momentum  of  the  electron  has  Pip^=PiCOS0j  (a=x,y,z) 
where  pj  is  the  magnitude  of  the  momentum,  and  cosSj  is  its  directional  cosine.  Then  the 
momentum  conservation  laws  of  impact  generation  are 

<Ppa  = Pl«-P2«-P3a+P4a+(Pna+P”'la-P"'2a-P"'3a+P”'4a)  =0 

where  p„„  is  the  momentum  of  reciprocal  lattice.  From 

E = El  -I-  ^pa<Ppa  ^Ea^Ea  (4.5) 

and  setting  the  variation  of  E with  respect  to  Pj  to  zero,  3E/3pj  = 0,  a quadratic  equation  in 


Pj  is  obtained  [80], 

ap^i  + bpi  -I-  c = 0 


(4.6) 
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where 

a - (m2„  + m3„  + (4.7) 

b =.£  (Pna+Pl«-P2a-P3a+P4a)  COS0i„/  (m2„+m3„+m4„)  (4.8) 

and 

^Pna"^Pla~P2a~P3a"^P4a^  , . 

c = -Eg  - (4.9) 

2 (m2„+m3„+m4„) 

The  orientation  dependence  in  k-space  of  the  threshold  energy  for  interband  impact 
generation  initiated  by  electron  is  shown  in  Figure  4.3.  As  indicated  in  Figure  4.3,  the 
threshold  energy  for  impact  generation  in  Si  thus  calculated  is  1.125  eV,  which  is 
approximately  the  energy  gap  of  the  Si  and  agrees  with  the  early  result  [80]. 

Alig,  Bloom,  and  Struck  [81]  extended  a previous  probability  method  [77]  and 
showed  a general  approach  for  calculating  the  impact  generation  rate  in  semiconductor 
using  the  "free-electron"  model  and  "random-k"  approximation.  They  evaluated  the  rate 
integral 

2nA  f r r 

r(E)  = — — |Ml2JdEfjdEg]dEhP(Ef)p(E3)p(Eh) 

6 (E-Ef-Eg-Eh-Eg)  for  E > E^h,  (4.10) 

and  zero  for  E <Eth-  They  showed  that  the  rate  is 

2;r  2m  2n{E-E^)'^^^ 

r(E)= |m|2 ( — ) for  E>E^h,  (4.11) 

n 8n^  105 

and  the  ratio  of  phonon  scattering  rate  to  ionization  rate  is  given  by 

105  E^/2 

A n — ^ . 

2 (E-E  )^/2 


R 


(4.12) 
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Figure  4.3  Threshold  energy  of  impact  generation  in  silicon  in  k-space. 
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4,3  Experiment 

The  measurement  circuit  configuration  is  shown  in  Figure  4.4.  During  the 
measurement,  the  source  and  drain,  which  are  also  electrically  connected  to  the  inversion 
layer,  are  tied  together  to  ground.  A negative  voltage  is  applied  to  the  gate  to  inject 
electron  from  the  poly-Si  gate  into  the  inverted  silicon  substrate.  The  gate, 
source/drain,  and  substrate  currents  are  measured  by  three  Keithley  485  picoammeters, 
one  for  each  applied  gate  voltage.  The  gate  voltage  was  increased  at  0.2  V/0.5  sec  step 
from  Vj  to  Vf.  The  initial  voltage,  V^,  was  chosen  where  measurable  tunneling  current 
first  occurs.  The  final  voltage,  V^,  was  chosen  where  Vf  is  greater  than  the  Vj  of  the  next 
thicker  oxide.  The  voltage  increment  rate  is  made  fast  enough  to  minimize  oxide  charge 
generation. 

The  tunneling  gate  current  for  several  oxide  gate  thicknesses  are  presented  in 
Figure  4.5  to  4.8.  The  oxide  voltages  are  obtained  by  using  the  same  method  described  in 
Chapter  3.  The  quantum  yield  of  impact  generation  is  defined  as  the  number  of  electron- 
hole  pairs  generated  for  each  initiated  electron.  In  this  experiment,  the  p-i-(inversion 
layer,  source,  and  drain)/n(substrate)  junction  is  reverse  biased.  The  impact  generated 
holes  in  the  p-f  inversion  region  are  swept  out  to  the  source/drain  by  the  high  electric  field 
in  the  pVn  depletion  region  to  give  the  source/drain  current.  The  impact  generated 
electrons  and  the  injected  electrons  are  swept  out  of  the  inversion  region  to  the  substrate 
to  give  the  substrate  current.  Thus,  the  ratio,  Id+s/^G’  gives  the  quantum  yield,  (y),  and 
the  ratio,  Ix/Iq’  gives  1 -i-  y. 

The  quantum  yield  for  different  oxide  thicknesses  as  a function  of  oxide 
voltages  are  shown  in  Figure  4.9.  In  the  very  thin  oxide  (tox  = electron  mean  free  path  in 
SiOj),  the  electron  transport  is  almost  ballistic  [82,83],  therefore,  the  electron  energy 
gained  by  the  electron  which  tunnels  through  the  oxide  can  be  expressed  as 

E = q^ox, 
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Figure  4.4  Experimental  set-up  for  quantum  yield  measurement. 
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Figure  4.5  Gate  current  ( Iq  ),  source  and  drain  current  ( I5  Ip ),  and  substrate 
current  ( ) vs.  oxide  voltage  for  35  A gate  oxide  n‘''G/pMOST. 
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Figure  4.6  Gate  current  ( Iq  ),  source  and  drain  current  ( Ig  -i- ),  and  substrate 
current  ( ) vs.  oxide  voltage  for  55  A gate  oxide  n’^G/pMOST. 
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Figure  4.7 


Gate  current  ( Iq  ),  source  and  drain  current  ( Ig  + ),  and  substrate 
current  ( ) vs.  oxide  voltage  for  80  A gate  oxide  n'^G/pMOST. 
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Figure  4.8  Gate  current  ( Iq  ),  source  and  drain  current  ( Ig  + Ip ),  and  substrate 
current  ( ) vs.  oxide  voltage  for  1 10  A gate  oxide  n'*'G/pMOST. 
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Figure  4.9  Measured  quantum  yields  for  n'^G/pMOST  for  different  oxide 
thickness  as  a function  of  oxide  voltage. 
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as  discussed  in  Chapter  3. 

In  Figure  4.10,  the  oxide  voltage,  Vqx*  are  converted  to  electron  energy,  and 
the  measured  quantum  yield  is  compared  to  the  theoretical  value  calculated  using  the 
theory  by  Alig,  Bloom,  and  Struck.  It  shows  that  they  are  in  excellent  agreement.  Since 
the  quantum  yield,  y,  is  proportional  to  ( E - Eg  the  plot  of  vs  electron  energy 
linearly  extrapolated  to  y=0  gives  the  threshold  energy  which  is  forced  to  be  1.2  eV.  The 
experiment  result  is  also  in  excellent  agreement  with  the  theory,  as  indicated  by  Figure. 
4. 1 1 . These  agreements  give  strong  support  to  the  validity  of  our  theory. 
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Figure  4.10  Measured  quantum  yields  for  n^G/pMOST  compared  with 
theoretical  results. 
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Figure  4.11 


Measured  quantum  yield  vs.  electron  energy  and  the 

extrapolation  of  impact  generation  threshold  energy. 


CHAPTER  5 

POSITIVE  CHARGE  GENERATION  IN  THE  GATE  OXIDE 


5.1  Introduction 

Models  for  positive  charge  generation  in  the  gate  oxide  proposed  in  the  past 
can  be  grouped  into  four  categories,  but  none  of  them  is  completely  satisfactory.  Models 
based  on  direct  bond-breaking  [42]  cannot  explain  the  presence  of  the  positive  charge  at 
the  Si/Si02  interface  when  electrons  were  injected  at  positive  bias  since  the  electrons  do 
not  have  sufficient  energy  at  Si/Si02  interface.  Models  based  on  the  generation  of 
electron-hole  pairs  in  the  Si02  via  interband  impact  generation  [35,36]  cannot  explain  the 
observed  positive  charge  generation  in  thin  oxide  since  the  applied  gate  voltage  is  less 
than  13  V [17].  Models  based  on  interface  plasma  decay  [43]  fail  to  explain  the  small 
observed  threshold  energy,  -2.0  eV,  in  ultra-thin  oxide  for  positive  charge  generation 
[84]  which  is  much  less  than  the  energy  necessary  for  interface  plasma  generation. 
Models  based  on  release  of  hydrogen  from  water-related  traps  in  Si02  [30]  fail  to  account 
for  the  positive  charge  generated  in  ultra  dry  samples  [31],  and  the  proposed  hydrogen 
diffusion  model  cannot  explain  the  positive  charge  formation  at  temperatures  as  low  as  77 
K [33].  None  of  these  models  can  adequately  address  the  observed  difference  of  positive 
charge  generation  in  Si02  between  n"^  and  p"^  polysilicon  gate. 

Two  new  positive  oxide-charge  generation  pathways  with  kinetic  energy 
threshold  which  quantitatively  account  for  the  experimental  observations  are  now 
described  and  theoretically  analyzed.  The  initiating  mechanisms  are  the  interband  impact 
generation  and  Auger  recombination.  These  mechanisms  are  described  qualitatively  in 
the  previous  chapter.  When  generated  hot  holes  with  an  energy  greater  than  the  potential 
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barrier  height  (>4.3eV)  occur  at  the  Si02/Si  interface,  those  holes  can  be  back  injected 
into  the  oxide  and  be  trapped  in  the  Si02  hole  traps  to  form  positive  oxide  charge. 

4.2  Theoretical  Background 

In  MOS  transistors,  an  energetic  hole  may  be  produced  in  heavily  doped 
silicon  through  electron-hole-hole  Auger  recombination.  Obviously,  the  energetic  holes 
can  be  generated  through  the  impact  generation  process  in  n^  and  p"^  polysilicon  gate  and 
through  the  Auger  recombination  process  in  p"^  polysilicon  gate.  When  holes  are 
generated  with  sufficient  kinetic  energy  to  overcome  the  potential  energy  barrier 
(>4.3eV),  the  energetic  holes  are  then  back  injected  into  the  oxide  and  captured  by  oxide 
hole  traps. 

Consider  first  the  impact  mechanism  in  the  n'^gate  MOS  structure  shown  in 
Figure  5.1  which  will  be  abbreviated  by  n'^G/nMOST  for  a MOS  transistor  or 
n"^G/nMOSC  for  a MOS  capacitor.  When  a positive  gate  voltage  is  applied,  electrons 
(solid  dots)  are  injected  into  the  n'^’gate  from  the  Si-substrate  via  Fowler-Nordheim 
tunneling  through  the  thin  Si02  barrier.  While  passing  through  the  oxide  in  the  Si02 
conduction  band,  they  are  accelerated  by  the  oxide  electric  field  and  gain  kinetic  energy. 
As  the  electrons  enter  the  n'^'gate,  they  fall  off  the  n"^gate/Si02  potential  cliff  and  gain  an 
additional  kinetic  energy  equal  to  the  electron  potential  barrier  drop  at  the  n'^gate/Si02 
interface,  (j)Qg  = Xs~Xi  = Xsi  “ Xsi02  ~ ~ ~ 3.13eV,  which  is  the  electron  affinity 

difference  between  the  n'^gate  and  the  Si02  gate  oxide  insulator  [37].  These  energetic 
electrons  can  generate  electron-hole  pairs  in  the  n"^gate  via  the  interband  impact 
mechanism  described  in  Chapter  4.  The  electron-impact  generated  hole  (circle  with 
enclosed  dot)  with  kinetic  energy  greater  than  the  n'^gate/Si02  hole-barrier-height,  (j),-!,  = 
(Asio2  ~ <l^Ge)  “ ^-3  - 1.12  - 3.13  = 4.25eV,  can  then  be  back-injected  into  the  oxide 
from  the  n'^gate  by  surmounting  the  Si02/Si  hole-barrier.  This  is  the  1974  Weinberg 
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Figure  5.1 


Energy  band  diagram  of  n'^G/nMOST  during  -i-Vq  stress  [85]. 
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Figure  5.2  Energy  band  diagram  of  n'^G/nMOST  during  -Vq  stress  [85]. 
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model  [19]  as  extended  in  1985  [33]  without  focusing  on  the  existence  of  a threshold 
energy  or  voltage  since  their  oxide  film  was  thick  and  the  oxide  voltage  drop  was  much 
higher  than  the  threshold  voltage. 

The  second  new  mechanism  is  the  generation  of  energetic  holes  in  the  p-type 
Si-substrate,  Si-gate,  or  Si-surface  inversion  layer  via  Auger  recombination.  This  lower 
voltage  mechanism  was  not  recognized  by  previous  authors.  It  is  illustrated  in  Figure  5.3 
in  a p'^gate/Si02/n-Si-substrate  structure  (abbreviated  by  p'*'G/pMOST  or  p'^G/pMOSC)  at 
a negative  applied  gate  voltage.  It  is  initiated  by  Fowler-Nordheim  tunneling  of  valence- 
band  electrons  in  the  p'^Si  gate  (or  conduction-band  electrons  in  a n’^Si  gate)  through  the 
Si02  into  the  n-Si  substrate  under  a large  negative  applied  gate  voltage.  From  Figure  5.3, 
it  is  at  once  evident  that  a hole  is  excited  to  a high  kinetic  energy  when  the  tunnel- 
injected  electron  recombines  with  an  adjacent  hole.  Since  two  holes  are  involved,  the 
energetic  hole  generation  process  will  be  more  efficient  at  higher  hole  concentrations. 
The  two-hole  dependency  gives  an  Eqx^  oxide  electric  field  or  Vq^  dependence  in 
addition  to  that  from  Fowler-Nordheim  tunneling. 

The  threshold  energy  for  these  two  processes  can  be  obtained  using  the  same 
variational  procedures  shown  in  Chapter  4 by  solving  the  momentum  and  energy 
conservation  of 

<t>pa  = Pla-P2«-P3a+P4«+(Pna+P"'la-P"'2a-P"'3a+P"'4a)  = 0'  <5.1) 

and 

0E  = - E2  - E3  - E4  - Eg  = 0,  (5.2) 

for  impact  generation,  and 

<^pa  = Pla-P2«-P3a+P4a+(Pna+P^a-P'"2a-P"'3a+P”'4a)  = 0'  (5.3) 


and 
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Figure  5.3  Energy  band  diagram  of  p^G/pMOST  during  -Vq  stress  [85]. 
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Figure  5.4  Energy  band  diagram  of  p'^G/pMOST  during  +Vq  stress  [85], 
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+ E2  + E3  E^  + Eq  — 0 , (5.4) 

for  Auger  recombination. 

The  momentum  of  electron  is  = PjCOsOj  (a  = x,  y,  z)  where  pj  is  the 
magnitude  of  the  momentum,  cosOj  is  its  directional  cosine,  p^„  is  the  momentum  of  the 
reciprocal  lattice,  and  E4  = 4.3  eV.  From 


E - El  + + ■A  0 + A^0rj,, 


(5.5) 


setting  the  variation  of  E with  respect  to  pj„  to  zero,  9E/3pj„  = 0.  We  get 

2 


a 

z: 


2m 


4 a 


(^2a+%g)X-mi„ 


m- 


la 


PiCOsSi^  + RQ„ 


-4.3=0,  (5.6) 


a 


^ - 5.4  = 0, 


(5.7) 


lo 


for  impact  generation,  and 


a 


T — 

^ 2m4„ 


(mo„+m,_)  X-m,  _ „ 

^ Picos9i„  + RQ» 


-4.3=0,  (5.8) 


y p2cos0i2  - 3. 2 = 0,  (5.9) 

for  Auger  recombination,  where  equals 

Q«  = Pna+P'la-P^a-P'sa+P^a-  (5.10) 

The  orientation  dependence  in  k-space  of  the  threshold  energy  for  interband 
impact  generation  and  Auger  recombination  initiated  by  electron  is  shown  in  Figure  5.5 
and  Figure  5.6  which  shows  that  the  impact  generation  process  has  a much  lower 
threshold  energy  than  the  surface  plasma  decay  (9.5  eV)  and  direct  interband  impact 
generation  in  Si02  (13  eV).  The  Auger  recombination  has  an  even  lower  energy  than 
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Figure  5.5  Threshold  energy  of  impact  generation  of  positive  charge  in  Si02  in 
k-space. 
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Figure  5.6  Threshold  energy  of  Auger  generation  of  positive  charge  in  SiOj  in 
k-space. 
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impact  ionization  process  which  explains  why  the  p"^  and  n'^  polysilicon  gate  affect  the 
positive  charge  generation  in  Si02-  The  threshold  energy  is  5.25  eV  for  impact 
generation  and  3.2  eV  for  Auger  recombination. 

The  energy  band  diagram  of  p'^G/pMOST  and  n'^G/nMOST  during  -i-Vq  and 
-Vq  stress  are  shown  in  Figure  5.4  and  Figure  5.2.  The  Auger  recombination  is  the  lower 
threshold  energy  processes  in  +Vq  stress  of  p'^G/pMOST  and  -Vq  stress  of  n"^G/nMOST 
and  pVpMOST,  and  impact  generation  is  the  only  process  available  in  -f-VQ  stress  in 
n'^G/nMOST.  By  inspection  of  the  energy  band  diagram,  the  threshold  oxide  voltage 
drop  is 

^O-threshold  ~ ^Si02 

for  +Vq  stress  of  n'^G/nMOST.  It  is 

^O-threshold  “ *^Ge' 

for  -Vq  stress  of  n'^G/nMOST.  It  is 

^O-threshold  — ^Xe' 

for  -i-Vq  stress  of  p'^'G/pMOST,  and 

^O-threshold  “ *^Ge 

for  -Vq  stress  of  p'^G/pMOST,  where  (|)xe»  and  (|)Qg  are  tunneling  energy  barrier  heights  of 
the  anodes. 


- 0xe'  (5.11) 

(5.12) 

(5.13) 

Agioz ' (5.14) 


The  generation  rate  can  be  derived  using  the  same  method  in  Chapter  4 [86] 
where  the  threshold  equals  4.25  eV  for  impact  and  3.12  eV  for  Auger  processes  with  an 
addition  term  of  T which  is  the  fraction  of  hot  holes  generated  in  the  Si  which  are 
scattered  or  back-injected  into  the  Si02.  For  the  impact  process,  the  generation  rate  is 


2n 


r(E)  =T44,  — 2^lHjl^S(E-E^-Eg),  (5.15) 

where  Hj  is  the  matrix  element  of  the  Coulomb  interaction.  The  index  j denotes  the  states 
of  the  recoiled  particle,  the  new  electron,  and  the  new  hole.  The  energy  Ej  is  the  sum  of 
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the  kinetic  energies  of  these  particles.  By  using  the  scattering-rate  assumption,  i.e.,  equal 
probabilities  for  occupation  of  all  allowed  states  in  each  scattering  event,  it  follows  that 
all  the  nonzero  Hj  are  identical.  However,  it  is  clear  that  Hj  is  zero  when  E < E^jj.  Above 
Ejjj,  Kane’s  "free-electron"  model  and  random-k  approximation  [78,79]  were  used  to 
evaluate  r(E),  i.e. 

2 k IS. 

r(E)  = 

EV 


M 


•jdEfjdE^jdEhPCEflplEJplE, 


6(E-Ef-E3-Eh-Eg)  , for  E > E^h 


where  IMp  = IHjI^  and 


p(E) 


3/2 

e1/2 


(5.16) 


(5.17) 


is  the  density  of  states  in  a free-particle  model  in  which  the  band  structure  is  parabolic 
and  isotropic.  The  delta  function  5(E)  in  Eq.  5.16  can  be  defined  as 
1 


6 (E)=- 


{2n] 


(-1-00 
-oo^ 


e^^dx, 


(5.18; 


Eq.  5.17  and  5.18  are  substituted  into  Eq.  5.16  to  give 


r(E)  = 


27tA 


M 


87T® 


2m 


9/2 


dEf|dEeJdEhj_  dx 


exp[i(E-Ef-E3-Eh-Eg)x]Ef^^Ee^^Ej;^^  (5.19; 


The  integrand  gives 


r (E)  =- 


2;r 

E 


8;r°  I E 


V^'A  f 2m  2;r(E-E  -Oh) 


7/2 


105 


(5.20; 


for  E > Ejj,,  and  r(E)  = 0,  when  E < Ejj^. 

For  Auger  recombination,  the  generation  rate  can  be  evaluated  using  the  same 
assumption  and  method.  In  this  case,  p(Eg)  and  p(E[j)  are  replaced  by  the  density  of  the 
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holes,  which  is  not  a function  of  By  evaluating  the  integral  of  Eq.  5.16,  r(E)  is 
obtained  [86], 


2n 

r (E)= 

n 


|MaI"T44' 


V^A 

8;t^ 


2m 


8N, 


V 


1/2 


for  E > Ejjj,  and  r(E)  = 0 for  E < Ej^,. 


(5.21) 


5.3  Experiment 

For  these  experiments,  the  p^G/pMOST  and  n"^G/nMOST  were  fabricated 
using  the  same  procedures  described  in  Chapter  3.  The  schematic  diagram  of  the  Fowler- 
Nordheim  tunneling  Iq-Vq  measurement  station  was  shown  in  Figure  3.11.  The 
tunneling  Iq-Vg  were  shown  in  Figure  5.8  and  Figure  5.9.  The  injection  current  density 
can  be  fitted  to  the  Fowler-Nordheim  tunneling  equation  given  in  Chapter  3.  The 
tunneling  barrier  heights  are  3.1  eV  for  -i-Vq  stress  of  n-i-G/nMOST,  -i-Vg  stress  of 
p-t-G/pMOST,  and  -W q stress  of  n-i-G/nMOST.  The  tunneling  barrier  height  for  -W q stress 
of  p+G/pMOST  is  4.3  eV. 

The  measurement  setup  of  the  pMOS  transistor  for  FN  tunneling  injection  is 
shown  in  Figure  5.7.  During  the  stress,  the  source,  drain  and  substrate  are  tied  together  to 
ground,  and  a constant  negative  voltage  is  applied  to  the  gate.  The  tunneling  injection 
was  interrupted  at  preset  intervals  to  measure  the  drain  current,  gate  voltage,  and  low 
voltage  tunneling  gate  current.  The  gate  voltage  is  defined  operationally  as  the  gate 
voltage  necessary  to  give  a drain  current  of  10|iA  at  an  applied  drain  voltage  of  O.IV. 
The  value  of  gate  voltage  at  this  drain  current  was  extracted  from  the  drain  current  versus 
gate  voltage  curve  by  linear  interpolation.  The  measurement  voltage  is  sufficiently  low 
so  that  no  additional  oxide  charge,  Qqj,  is  generated  during  the  measurement.  Also,  the 
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Measurement  setup  for  -Vg  stress  of  p'^G/pMOST. 
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Figure  5.8  Tunneling  gate  current  of  -Vq  and  -f-Vo  stress  of  p'^G/pMOST. 


Ig(A) 
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Figure  5.9  Tunneling  gate  current  of  -Vq  and  +Yq  stress  of  n‘^G/nMOST. 
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measurement  time  is  sufficiently  short  so  that  there  is  negligible  annealing  or  relaxation 
of  the  stress  generated  oxide  charge.  The  gate  voltage  and  the  tunneling  gate  current  will 
change  with  stress  time  due  to  the  increasing  density  of  positive  charge  trapped  in  the 
oxide.  The  tunneling  gate  current  change  during  the  -Vq  stress  of  p'^G/pMOST  is  shown 
in  Figure  5.10,  and  the  tunneling  gate  current  change  during  the  +Vq  stress  of 
n'^G/pMOST  is  shown  Figure  5.1 1. 

The  five  solid  diamonds  in  Figure  5.12  are  the  experimental  positive  oxide 
hole  trap  charging  efficiency,  T|,  by  the  Auger  generated  holes  which  are  back-injected 
into  the  gate  oxide  of  the  p'^G/pMOST  under  negative  gate  voltage  stress.  More  than 
1000  hours  of  stress  time  and  > 10  MB  data  for  these  measurements  are  typical,  resulting 
in  the  scarcity  of  data.  The  efficiency  [at  a given  stress  oxide  voltage,  r)(^o)]’ 
obtained  by  least-squares-fitting  the  several  hundred  experimental  data  points  of  gate- 
voltage-shift,  AVq,  versus  stress  fluence  defined  by  Njf4j(tgtj.gsg)  = q'^JjG-stress(0dt  to  the 
exponential  equation  defined  below. 


AVg ( t ) 

= AVg„»{1  - exp  [ -CTNjnj  ( t ) ] } 

(5, 

.22) 

S 

= d(AVc/dNjNj)t=o  = 

(5, 

.23) 

n 

= CqS  = C^AV^-(T 

(5 

.24) 

AVQ(t)  was  extrapolated  from  the  AlQ(t)  curves  by  using  Eq.  3.10.  The  efficiency,  r|, 
gives  the  number  of  positive  oxide  charge  generated  per  electron  tunneled  through  the 
oxide.  It  is  the  product  of  the  initial  slope,  S=dAVQ(t=0)/dt  and  the  oxide  capacitance, 
Co=Eo/xo.  The  experimental  r\  is  least-squares-fitted  (LSF)  to  Ps  [Vq  - Vo.thl 
anticipated  by  the  proportionality  of  the  +Qot  build-up  rate  to  the  final  density  of  states 
of  the  quantum  mechanical  four-particle  collision  in  the  Auger  recombination  process 
[86].  The  surface  hole  concentration,  Pg,  is  computed  by  MOS  capacitance  theory  as  a 
function  of  Vq  but  can  be  accurately  approximated  by  CqVo.  This  LSF  gives  an 
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Figure  5. 10  Gate  current  change  during  -Vq  stress  of  p'^G/pMOST. 
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Figure  5.11  Gate  current  change  during  -i-Vq  stress  of  n'^G/nMOST. 
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OXIDE  VOLTAGE,  Vox 


Figure  5.12  Positive  charge  generation  efficiency  for  -Vq  stress  of 
p'^G/pMOST  from  multiple  least-square-fit  of  Iq-Vg  curves. 
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OXIDE  VOLTAGE,  Vox 


Figure  5.13 


Positive  charge  generation  efficiency  for  +Vq  stress  of 
n^G/nMOST  from  least-square-fit  of  Ig'Vq  curves. 
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experimental  threshold  oxide  voltage  of  4.25  ± 0.26  V in  agreement  with  4.25  V given  by 
our  theory.  Farmer  also  observed  a threshold  oxide  voltage  of  about  4.2V  [41]  for 
positive  charge  generation. 

The  experimental  data  in  Figure  5.13  are  taken  from  the  -i-Vq  stress  of 
n'^G/nMOST  using  the  same  experimental  method. 

The  generation  efficiency  of  positive  oxide  charge  due  to  Auger 
recombination  occurring  in  p'^G/pMOST  under  negative  gate  voltage  stress  and  the 
impact  mechanism  occurring  in  n'^G/nMOSC  under  positive  gate  voltage  stress  are 
compared  with  the  theoretical  curves  in  Figure  5.14.  The  data  in  the  figure  are  least- 
squares-fitted  to  (Vq  - as  anticipated  by  the  final  density-of-states  theory  of  the 

impact  generation  process  [87],  giving  an  experimental  threshold  oxide  voltage  of  3.13  ± 
0.26  eV  and  4.92  ± 0.10  V,  which  is  consistent  with  the  theoretical  values. 

In  summary,  we  have  presented  theoretical  descriptions  and  experimental 
support  of  two  new  positive  oxide-charge  build-up  pathways  during  electron  tunneling 
injection  through  the  sub-100  A gate  oxide:  (1)  in  p'^G/pMOST  at  negative  Vq  via  the 
Auger  generation  of  energetic  holes  in  the  p-type  inversion  channel  with  an  oxide 
threshold  voltage  of  4.25  V and  dependence  as  Ps^(Vq  ~ and  (2)  in 

n^G/nMOST  and  n'^G/pMOST  at  positive  Vq  via  the  impact  generation  of  energetic  holes 
in  the  n"^  poly  Si  gate  with  an  oxide  threshold  voltage  of  5V  and  dependence  as  (Vq  - 
Vi_th)^^^-  The  positive  charge  generation  efficiency  is  higher  in  p^G/pMOST.  Thus,  the 
p'''G/pMOST  is  less  stable  than  the  n'^G/nMOST  when  the  CMOS  circuit  is  operated  at 
5V  because  of  Auger  generation  of  energetic  holes  in  the  p'^G/pMOST. 

5.4  Extrapolation  of  Operation  Time-to-Failure 

The  engineering  definition  of  time-to-failure  (TTF)  is  a 1 5 to  20  mV  shift  of 
the  threshold  voltage  because  of  the  reduction  of  the  drain  current  to  charge  the  capacitive 
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Figure  5.14  Positive  charge  generation  efficiency  for  -Vq  stress  of 
p^G/pMOST  and  +Vq  stress  of  n'^G/nMOST  compared  with 
theoretical  curves. 
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load.  The  threshold  voltage  shift  is  the  product  of  the  oxide  charge  generation  rate  and 
the  accumulated  stress  time.  The  time-to-failure  is  equal  to  the  maximum  threshold 
voltage  shift  allowed  by  the  circuit  designer  divided  by  the  generation  rate. 

As  discussed  in  Section  5.4,  the  most  serious  degradation  condition  in  5V 
CMOS  circuits  is  the  -Vq  stress  under  the  operation  condition.  Thus,  the  lifetime  or 
time-to-failure  is  determined  by  the  lifetime  of  the  p'^G/pMOST.  As  indicated  by  theory 
and  experimental  work,  the  gate  current  that  initiates  the  positive  charge  (-i-Qot)  buildup 
is  dominated  by  the  Fowler-Nordheim  tunneling  injection,  and  the  oxide  charge  buildup 
kinetics  was  obtained  from  the  gate  voltage  shift,  AVq,  measured  after  each  stress  cycle. 

For  the  one  oxide  trap  case,  the  gate  voltage  shift  can  be  modeled  by  Eq.  5.22. 
From  Eq.  5.22  for  the  one  oxide  trap  case,  the  time-to-failure  at  a given  gate  voltage  shift 
is  given  by 


TTF  = - 


ln[l-(AV, 


G,MAX 


/AVe„) 


(crj^/q) 


CqAVg, 


MAX 


(5.25) 


(5.26) 


(O-Jg/q)  TIJq 

where  Eq.  5.25  is  exact,  and  Eq.  5.26  is  the  linear  approximation.  The  TTF  computed 
from  Eq.  5.25  using  the  least-square-fit  AVq„  and  a at  each  stress  Vqx  are  plotted  in 
Figure  5.15.  The  TTF  versus  Vqx  data  using  the  linear  approximation  of  Eq.  5.26  are 
plotted  in  Figure  5.16  for  a 55  A p'^G/pMOST  technology  at  a failure  criteria  of  AVq  j^^ 
= 15  mV  which  shows  that  the  TTF  exceeds  10^  seconds  or  35  years. 

In  Figure  5.16,  the  new  physics-based  exponential  TTF  extrapolation  method 
is  compared  with  the  traditional  log-log  extrapolation  method  obtained  from  the 
production  lot  data.  The  traditional  extrapolation  gives  an  erroneously  low  TTF  of  about 
2x10^  seconds  (7  months)  at  3.3V.  The  extrapolation  based  on  our  physical  model 
predicts  that  the  lifetime  exceeds  10^  seconds  (35  years)  under  normal  operating 
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Figure  5. 15  New  Time-to-Failure  extrapolation  for  55  A gate  oxide. 
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Figure  5.16  New  Time-to-Failure  extrapolation  for  55  A gate  oxide  compared 
with  traditional  extrapolation. 
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conditions  which  was  supplemented  by  a 6 month  3.8V  stress  showing  no  gate  voltage 
shift. 


CHAPTER  6 

CHARACTERIZATION  OF  HOLE  TRAP  IN  Si02 
6.1  Introduction 

Defects  and  impurities  play  an  important  role  in  the  electrical  behavior  of  the 
Si02  films  used  in  silicon  VLSI  technology.  Defects  in  Si02  have  therefore  attracted 
wide  attention.  Electron  traps  due  to  intrinsic  and  extrinsic  defects  in  semiconductors  and 
insulators  have  been  widely  studied  using  thermally  stimulated  conductivity  (TSC)  and 
luminescence  (TSL)  [88],  thermally  stimulated  capacitance  (TSCAP)  [89],  voltage 
stimulated  capacitance  known  as  DLTS  and  CTS  [90],  thermally  stimulated  gate  voltage 
change  [91],  optically  stimulated  capacitance  transient  (OSCAP)  [92]  and  optically 
stimulated  current  transient  [93],  and  field  stimulated  emission  techniques  [94]. 
Although  numerous  studies  have  been  made  on  the  trap  energy  level  or  thermal  activation 
energy  in  semiconductor  (Si,  GaAs,  etc.),  few  experimental  energy  level  data  have  been 
reported  on  the  electron  and  hole  bound  states  in  amorphous  insulator  materials  [64]. 
Since  the  oxide  trap  density  on  oxidized  VLSI  silicon  is  very  low  (less  than  0.01 
monolayer),  which  is  below  the  maximum  resolution  of  electron  spin  resonance  (ESR) 
and  many  other  spectroscopy  methods,  it  is  difficult  if  not  impossible  to  directly 
correlated  the  atomic  origin  and  chemical  bond  structure  of  the  oxide  traps  to  the 
charging-generation-annealing  measurements.  Energy  levels  for  intrinsic  traps  in  VLSI 
gate  Si02  only  have  been  speculated  and  estimated  theoretically  [64,95-98]. 

In  this  chapter,  we  report  experiments  which  shed  light  on  the  as-fabricated 
hole  trapping  center  in  the  gate  Si02  films  [99].  Using  thermally  stimulated  emission  of 
trapped  holes  in  the  Si02,  we  have  observed  a distinct  trapping  level  centered  at  1 .44eV 
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above  the  S1O2  valence  band  edge.  The  behavior  of  this  center,  together  with  the  well 
known  E center,  suggests  the  O/-1-1-  state  of  the  E center  is  the  dominant  hole  trap  center 
in  as-fabricated  gate  Si02  films. 

6.2  Experimental  Method  and  Data  Analysis 


6.2.1.  Thermally  Stimulated  Voltage 


It  is  difficult  to  directly  measure  the  thermally  stimulated  emission  current  of 
trapped  holes  in  the  gate  Si02  layer  due  to  the  very  small  amount  of  holes  trapped  in  the 
SiO2(=10^^  q/cm^).  The  number  of  holes  detrapped  can  be  determined  by  measuring  the 
threshold  voltage  change  from  the  relation 

^Q+ot~^ox^^T'  (6.1) 

where  V-j-  is  defined  operationally  as  the  gate  voltage  necessary  to  invert  the  surface 
channel  and  give  a drain  current  of  lOfiA  at  an  applied  drain  voltage  of  0.1  V.  The 
thermally  stimulated  current  density  is  then  given  by 

jT=dQ^_oT/dt . (6.2) 


Most  techniques  for  analysis  of  the  thermally  stimulated  current  or 
capacitance  transient  are  for  trap  centers  with  discrete  energies  [89,100,101]  and  for  traps 
with  an  arbitrary  energy  distribution.  Consider  an  insulator  which  contains  a trapping 
level  distributed  throughout  the  energy  gap.  The  rate  of  hole  emission  to  the  valence 
band  by  holes  trapped  at  a level  with  energy  from  E to  E + dE  in  the  bottom  half  of  the 
energy  gap  is  given  by 


Ap  = [l-fo(E)  ]N(E)ep(E,T)exp[-  (E,  T)  dt]  dE,  (6.3) 


where  [l-fo(E)]  is  the  initial  occupancy  of  the  traps  by  holes,  N(E)  is  the  energy 
distribution  of  the  trap  levels  throughout  the  energy  gap,  and  ep  is  the  emission 
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probability  defined  as 


6p  = vCpN^exp  [ (E^-E) /kT]  = Vexp  [ ( Ey-E) /kT]  , (6.4) 

where  v is  the  free  hole  thermal  velocity,  Qp  is  the  hole  capture  cross  section  of  the  trap, 
and  Ny  is  the  effective  density  of  states  in  the  valance  band.  Thus,  the  number  of  holes 
emitted  per  unit  area  per  unit  time  is 
dQ 


dt 


1 rEi 

= -qtox  [l-fo(E)  ]N(E)ep{E,T 
9 J T?.__  ^ 


exp^-|  6p  (E,  T)  dtj  dE  . (6.5) 


In  constant  heating  rate  condition  with  a heating  rate  (3,  then 
T = To  + pt, 


(6.6) 


Tq  is  the  low  temperature  at  which  the  holes  are  injected.  Tq  is  equal  to  77.2  K in  the 
experiment  reported  here.  Substituting  Eq.  6.6  into  Eq.  6.5  yields 


dQ  1 fEi 


dt 


= -qtox  [l-fo(E)]N(E)e  (E,T) 
9 J T?.__  ^ 


exp  \-  — \ ( E , T ) dTl  dE . {6 .1 

L p Jtq^  -I 


Consider  the  function  P(E,T)  defined  by 

rT 


P(E,T)  = ep(E,T)exp 


[-M 

L ^ It 


6p(E,T)dT]dE, 


(6.8; 


in  Eq.  6.7.  Since  only  those  traps  positioned  within  an  energy  of  2 kT  of  E-^  contribute 
most  significantly  to  detrapping,  the  function  P(E,T)  exhibits  a narrow  peak  that  has  a 
halfwidth  of  approximately  2 kT  at  energy  E^  [89].  The  relationship  between  Ej  and  T 
may  be  obtained  by  differentiating  P(E,T)  with  respect  to  E and  setting  the  derivative 
equal  to  zero; 
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ap(E,T) 


E = En 


= 0, 


(6.9) 


thus 


T fT  ep(ET,T) 


■I 


■dT  = 1 


j3  JTq  T 

The  integral  of  Eq.  6.10  can  be  integrated  by  parts  as 


(6.10) 
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and  the  second  integral  in  Eq.  6.1 1 approximately  equals  to 


rT  ke^ 


To  AE 


-dT 
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kT 
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z. 

J 6p  ( Erp  , T ) , 


(6.12) 


for  kT  « Ej  - Ey  [89],  and  is  much  smaller  compared  to  the  first  term.  Thus  from  Eq. 

6.10 


kT^e  (Et,T) 


= 1. 


(6.13) 


^(E^-Ey) 

Eq.  6.13  can  be  used  to  convert  the  temperature  dependence  of  the  thermally  stimulated 
emission  into  the  energy  dependence  of  trapped-hole  distribution.  The  density  of  states 
of  the  trapped  hole  is  equal  to 

^Qqt 


Dqt  ( E ) — 


3E 


(6.14: 


6.2.2  Measurement  Set-up 

Experiments  were  conducted  on  polysilicon  gate  pBiMOS  transistors 
fabricated  on  a phosphorus-implanted  n-well  on  a p7p"^  <100>  silicon  substrate.  The 
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cross  section  of  the  p-channel  BiMOS  structure  was  shown  in  Figure  3.10.  The  device 
fabrication  procedures  was  reported  in  detail  in  Chapter  3. 

Holes  are  injected  into  the  gate  oxide  by  the  forward  biased  substrate  emitter- 
base  p’^/n  junction  of  a vertical  pVn/p-inversion  layer  bipolar  metal-oxide  semiconductor 
transistor(BiMOS).  The  measurement  set-up  is  shown  in  Figure  6.1.  During  the  stress, 
the  source  and  drain  were  tied  together,  = 0,  in  order  to  obtain  spatially  uniform 

substrate  hole  injection.  A negative  d.c.  gate  voltage,  Vq,  was  applied  between  the  gate 
and  the  source/drain  collector  to  bias  the  p-channel  MOS  transistor  into  strong  inversion. 
The  inversion  layer,  p"^  source,  and  p”^  drain  together  served  as  the  collector,  the  n-well  as 
the  base,  and  the  pVp"^  substrate  as  emitter  of  the  vertical  p/n/pVp"^  bipolar  transistor.  A 
reverse  bias  applied  between  the  the  collector  and  the  base  controls  the  silicon  energy 
band  bending  near  the  Si02/Si  interface.  The  base/emitter  (n-well/p'/p"^  substrate) 
junction  was  forward  biased  to  inject  holes  into  the  n-well.  The  vertical  p/n/pVp'^  bipolar 
transistor  was  biased  into  the  active  region  in  order  to  inject  holes  from  the  p'^  substrate 
into  the  n-well  and  accelerate  the  hole  toward  the  Si/SiOj  interface.  The  holes  with 
kinetic  energy  in  excess  of  the  Si/Si02  barrier  height  (4.3eV  for  hole)  were  injected  into 
the  gate  oxide  (Figure  6.2).  The  gate  oxide  was  characterized  by  measuring  the  drain 
current  vs  gate  voltage  curve  (Id-Vq)  at  preset  intervals.  The  gate  current  density,  Jq, 
was  maintained  constant  during  the  substrate  hole  injection  via  digital  feedback  control  of 
the  emitter/base  forward  bias.  As  a result,  the  total  hole  fluence,  NjNj=J(Jo/q)dt,  injected 
through  the  gate  oxide  could  be  measured  easily.  The  gate  oxide  electric  field  was 
controlled  by  the  voltage  applied  across  the  gate  oxide,  Vqx- 

There  are  several  advantages  of  using  the  BiMOS  test  structure  to  study  the 
effect  of  hot  electron  or  hot  hole  injection  on  the  properties  of  the  gate  oxide  [102-104]. 
(1)  The  oxide  electric  field  and  gate  current  can  be  independently  controlled.  The  oxide 
field  is  controlled  by  the  voltage  applied  between  the  source/drain  and  gate  while  the 
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Figure  6. 1 Measurement  setup  for  substrate  hole  injection. 
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Figure  6.2  Energy  band  diagram  for  pBiMOS  during  substrate  hole  injection. 
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injection  current  is  controlled  by  the  collector/base  reverse  bias  and  emitter/base  forward 
bias.  When  the  parasitic  bipolar  transistor  operates  in  the  active  mode,  electrons  (in 
nBiMOS)  or  holes  (in  pBiMOS)  injected  from  the  emitter  will  be  accelerated  in  the 
depletion  region  of  the  collector/base  junction  and  drift  towards  the  collector.  If  the 
surface  potential  at  the  Si02/Si  interface  is  larger  than  the  energy  barrier  at  the 
conduction  band  edge  of  the  Si/Si02  (3.1eV)  for  nBiMOS  or  larger  than  the  energy 
barrier  at  the  valence  band  edge  of  the  Si/Si02  (4.3eV)  for  pBiMOS,  a fraction  of  the 
electrons  or  holes  being  accelerated  in  the  depletion  region  may  surmount  the  energy 
barrier  at  the  Si02/Si  interface  and  enter  the  oxide.  Although  the  emission  probability  is 
a function  of  the  oxide  electric  field,  the  gate  current  can  still  be  controlled  independently 
by  adjusting  the  emitter/base  junction  current.  This  makes  the  BiMOS  an  ideal  test 
structure  to  study  the  oxide  electric  field  dependence  of  charging,  discharging  and 
generation  of  the  oxide  electron  or  hole  traps.  The  constant  gate  current  is  maintained 
automatically  during  the  electrical  stress  measurement  through  a feedback  loop.  As  a 
result,  the  total  fluence,  Njj,jj=j(J/q)dt,  being  injected  through  the  gate  can  be  measured 
easily.  The  BiMOS  injection  technique  also  enables  us  to  study  the  electron  or  hole 
injection  at  low  oxide  electric  field  at  field  magnitudes  typically  encountered  during  the 
normal  operation  of  the  MOS  transistor. 

(2)  One  type  of  carrier  (electron  or  hole)  is  injected  during  the  BiMOS 
injection  stress.  Back  tunneling  injection  of  the  opposite  type  carrier  is  avoided  which 
occurs  during  the  avalanche  injection,  and  the  hole  or  electron  injection  under  the 
MOSFET  channel  hot  electron  (CHE)  injection  conditions.  Since  there  is  only  one  type 
of  carrier  injected,  the  degradation  mechanism  due  to  hot  electron  or  hole  can  be 
separately  identified. 

(3)  The  injection  is  uniform.  Since  the  MOSEET  is  biased  at  strong  inversion 
during  the  injection  and  the  source  and  drain  are  tied  together,  the  whole  planar  area  of 
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the  collector  (the  area  beneath  the  gate,  source,  and  drain)  of  the  vertical  parasitic  bipolar 
transistor  has  the  same  potential.  Therefore,  the  electric  field  across  the  oxide  area  will 
be  uniform,  and  the  electrons  drift  in  the  silicon  space  charge  layer  towards  the  collector 
will  also  be  areally  uniform.  It  follows  that  the  electron  injected  into  the  oxide  will  be 
uniform.  The  uniformity  of  injection  avoids  the  difficulty  of  data  analysis  encountered 
in  the  MOSFET  channel  hot  electron  (CHE)  or  channel  hot  hole  (CHH)  injection  and 
provides  a vehicle  for  the  fundamental  study  of  the  basic  mechanisms  involved  in  oxide 
degradation. 

Figure  6.3  to  Figure  6.5  shows  the  gate  voltage  shift  versus  injection  fluence 
for  55  A,  80  A,  and  1 10  A oxides.  The  substrate  hole  injection  is  interrupted  at  preset 
intervals  to  measure  the  I^-Vg  characteristic.  The  threshold  voltage  is  defined 
operationally  as  the  gate  voltage  necessary  to  invert  the  surface  channel  and  give  a drain 
current  of  lOjiiA  at  an  applied  drain  voltage  of  0.1  V.  The  value  of  the  gate  voltage  at  this 
current  was  extracted  from  the  MOS  transistor  Id-Vq  curve  by  linear  interpolation.  Holes 
were  injected  into  the  gate  oxide  at  low  oxide  fields  of  5 MV/cm,  to  charge  the  existing 
oxide  traps  to  near  saturation  for  the  thermally  stimulated  emission  of  trapped  holes 
measurements. 


6.3  Results 

The  measurements  of  thermally  stimulated  emission  of  trapped  holes  were 
performed  in  the  temperature  range  from  77.2  K to  594.5  K.  The  sample  temperature  is 
increased  at  a constant  rate,  i.e. 

T=To-rPt 

with  P=0.01K/sec.  To  avoid  the  effect  of  the  temperature  dependence  of  the  hole 
mobility  on  the  operationally  defined  Vj,  the  MOS  transistor  I^-Vq  curves  were 
measured  before  hole  injection  at  20  preset  temperatures  ranging  from  77.2  K to  377  K. 
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Figure  6.3  Threshold  voltage  shifts  for  55  A gate  oxide  during  substrate  hole 
injection. 
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Figure  6.4  Threshold  voltage  shifts  for  80  A gate  oxide  during  substrate  hole 
injection. 


AVg (V) 


-91- 


Figure  6.5  Threshold  voltage  shifts  for  1 10  A gate  oxide  during  substrate  hole 
injection. 
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To  extrapolate  the  AV-^,  the  Id-Vq  curves  were  measured  after  the  hole  injection  at  the 
same  preset  temperatures  during  the  slow  temperature  ramping  to  compare  with  the  pre- 
injection I£)-Vq  curves.  Each  I^-Vq  measurement  took  about  45  seconds.  During  the  Ip- 
Vq  measurements,  the  temperature  ramping  was  stopped,  and  the  temperature  was  set  at 
each  designed  preset  temperature.  For  temperatures  above  377  K,  the  device  was 
quenched  to  room  temperature  to  measure  the  Iq-Vq  to  avoid  any  device  degradation 
during  the  measurements.  The  threshold  voltage  changes  were  obtained  by 

measuring  the  difference  of  the  threshold  voltage  between  the  pre-injection  threshold 
voltage  and  the  threshold  voltage  following  thermal  emission  measured  at  the  same 
temperature.  The  difference  between  AV-j-  at  77  K and  AV^  measured  at  each  preset 
temperature  interval  follows  gives  the  amount  of  holes  detrapped  during  the  temperature 
ramping. 

Figures  6.6  to  6.8  show  the  threshold  voltage  change  during  the  temperature 
ramping  for  55  A,  80  A,  and  1 10  A oxide.  It  is  shown  that  the  threshold  voltage  becomes 
positive  after  nearly  52,000  seconds  of  temperature  ramping.  It  indicates  that  nearly  all 
holes  captured  during  hole  injection  have  been  reemitted  when  the  sample  was  heated  up 
to  594.5  K.  In  addition,  a small  amount  of  holes  trapped  before  hole  injection  were  also 
reemitted.  Since  the  amount  of  hole  detrapped  equals 

AQ  ^ OT  “ ^ OX^^T ' 

the  thermally  stimulated  current  density  can  be  estimated  as 

j.p=dQ+oT/ “dt . 

Figures  6.9  to  6. 1 1 show  the  the  dQ+oT^dt  for  55  A,  80  A,  and  1 10  A oxide. 

Figures  6.12  to  6.14  give  the  density-of-states  of  hole  traps  calculated  from 
Eq.  6.13  and  Eq.  6.14.  The  equation  of  v(T)=A(T/300)^  is  used  [105-107]  instead  of 
v(T)=constant  in  the  calculation.  The  physics  underlying  this  choice  was  elaborated  by 
Sah  [105].  The  resultant  energy  distribution  only  weakly  depends  on  the  form  of  v(T) 
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Figure  6.6  Threshold  voltage  shifts  during  thermally  stimulated  emission  of 
holes  trapped  at  oxide  hole  traps  as  function  of  temperature  for  55  A 
gate  oxide.  The  relative  gate  voltage  shift  value  is  the  difference 
between  the  oxide  hole  traps  filled  by  holes  (positively  charge)  and 
empty  of  holes  (neutral). 
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Figure  6.7  Threshold  voltage  shifts  during  thermally  stimulated  emission  of 
holes  trapped  at  oxide  hole  traps  as  function  of  temperature  for  80  A 
gate  oxide.  The  relative  gate  voltage  shift  value  is  the  difference 
between  the  oxide  hole  traps  filled  by  holes  (positively  charge)  and 
empty  of  holes  (neutral). 
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Figure  6.8  Threshold  voltage  shifts  during  thermally  stimulated  emission  of 
holes  trapped  at  oxide  hole  traps  as  function  of  temperature  for  110 
A gate  oxide.  The  relative  gate  voltage  shift  value  is  the  difference 
between  the  oxide  hole  traps  filled  by  holes  (positively  charge)  and 
empty  of  holes  (neutral). 
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Figure  6.9 


Threshold  voltage  change  with  respect  to  anneal  time  for  55  A gate 
oxide. 


dVc  /dt  ( mV/ sec 


-97- 


Figure  6.10  Threshold  voltage  change  with  respect  to  anneal  time  for  80  A gate 
oxide. 
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Figure  6.11 


Threshold  voltage  change  with  respect  to  anneal  time  for  1 10  A 
gate  oxide. 
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Figure  6.12  Density  states  of  hole  trap  for  55  A gate  oxide  calculated  with 
A=10i®. 
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Figure  6.13  Density  states  of  hole  trap  for  80  A gate  oxide  calculated  with 
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Figure  6.14  Density  states  of  hole  trap  for  1 10  A gate  oxide  calculated  with 
A=10^“. 
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because  the  temperature  dependence  is  dominated  by  the  exponential  factor. 

The  value  of  v(T)  for  Si02  reported  was  in  the  range  of  10^  to  10^'^  sec‘^ 

[108] .  In  this  work  a typical  value  of  A=10^®  was  used  to  calculate  the  density-of-states 
shown  in  Figures  6.12  to  6.14.  In  general,  the  larger  values  of  A give  broader  energy 
distributions  with  peak  shifts  toward  slightly  higher  energy.  Figures  6.15  to  6.17  give  the 
density-of-states  calculated  using  the  value  A=10^‘^.  The  sensitivity  to  the  numerical 
value  of  A used  is  1 .44±0.033  eV  for  the  peak  energy  when  A is  increased  or  decreased 
by  two  orders  of  magnitude,  the  peak  shifts  about  0.203  eV. 

6.4  Conclusions 

Silicon  dioxide,  in  its  various  form,  is  among  the  most  extensively  used 
materials  from  optic  fiber  to  the  gate  material  and  interlayer  dielectric  in  very  large  scale 
integrated  circuit.  Electronic  defects  and  impurities  in  SiOj  have  therefore  attracted  wide 
attention.  Considerable  progress  has  been  made  in  understanding  the  properties  of  point 
defects  in  quartz  (a.k.a  crystalline  Si02)  in  the  past.  The  electron-spin-resonance  (ESR) 

[109] ,  optical-absorption  [1 10],  luminescence  [111,112]  all  have  been  used  for  the 
detection  and  identification  of  many  of  those  optical  and  electronic  traps  in  quartz.  Most 
models  of  the  intrinsic  defects  of  a-Si02  quartz  focused  on  centers  formed  by  disrupting 
the  Si-O-Si  bridge  by  breaking  a Si-0  bond  or  creating  an  oxygen  vacancy. 

Current  knowledge  is  dominated  by  electron-spin-resonance  (ESR) 
measurement  of  spin  active  centers  [109]  which  are  usually  associated  with  vacancy- 
bridge  defects.  The  oxygen  vacancy  related  defects  in  Si02  are  called  E’  centers.  Six  of 
these  have  been  identified  in  quartz:  Ej’  [1 13,1 14],  E2’  [1 15,1 16],  E4’  [1 16,1 17],  Ej”, 
E2”,  and  E3”  [118].  The  single  or  double  primes  denote  one  or  two  unpaired  electrons 
with  spin  S=l/2,  or  S=1  associated  with  the  center,  and  subscripts  distinguish  between 
various  centers  having  the  same  spin.  It  is  not  clear  how  the  Ej’  and  Ej’  ’ are  related  to 


DOSotC  10^^q/eV 


-103- 


CM 


E 

O 


0.7  r-i — I — I — r 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 


T — I — I — I — r 


] — I — I — I — r: 


11 


_ <- 


5fe 


5 

4 

3 

2 

1 


0.0 


0.5 


1.0 


1.5 


2.0 


Ev  - E ( eV  ) 


Figure  6.15  Density  states  of  hole  trap  for  55  A gate  oxide  calculated  with 

A=10^l 
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Figure  6.16  Density  states  of  hole  trap  for  80  A gate  oxide  calculated  with 

A=10^l 
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Figure  6.17  Density  states  of  hole  trap  for  1 10  A gate  oxide  calculated  with 

A=10^l 
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each  other.  Little  is  known  about  the  corresponding  diamagnetic  precursors  of  these 
defects,  or  their  charge  states. 

The  Ej’  center  has  been  most  extensively  studied  both  experimentally  and 
theoretically.  ESR  spectroscopy  indicates  that  the  Ej’  center  contains  only  one  electron 
and  is  paramagnetic.  The  electron  localizes  preferentially  onto  one  of  the  two  Si  dangling 
bonds  directed  towards  and  into  the  vacancy,  and  the  other  Si  atom,  now  positively 
charged,  relaxes  away  from  the  vacancy  towards  a planar  configuration. 

Defects  associated  with  the  oxygen  vacancy  are  among  the  simplest  ones  in 
Si02-  However  the  crystalline  Si02  structure  is  rather  complex.  The  oxygen  vacancy  is 
not  located  at  any  crystal  symmetry  axis,  and  therefore  exhibits  asymmetrical  features.  It 
is  expected  that  there  will  be  larger  relaxations  of  the  defect  environment  in  Si02  than  in 
any  elemental  solid  because  of  the  bridging  nature  of  the  oxygen  atom.  The  Si-O-Si 
angle  is  rather  flexible  and  is  twofold  coordinated.  Thus,  all  oxygen  atoms  near  the 
defect  are  capable  of  accommodating  large  lattice  distortions.  Therefore,  studies  of  even 
the  simplest  defects  in  Si02  are  very  challenging  because  of  the  associated  large  lattice 
relaxations  and  charge  transfers. 

The  most  recent  theoretical  studies  of  the  oxygen  vacancy  and  E^’  center  in 
crystalline  Si02  was  given  by  J.  K.  Rudra  and  W.  B.  Fowler’s  molecular  cluster  orbital 
calculation  of  the  -/O,  0/-t-,  and  +11+  states  and  their  energy  levels  in  the  energy  gap  of  the 
Si02. 

The  neutral  oxygen  vacancy  is  considered  to  be  the  precursor  of  the  positively 
charged  Ej’  center.  Since  the  identification  of  most  of  these  defects  have  been  achieved 
by  ESR,  the  geometric  and  electronic  structures  of  this  diamagnetic  defect  have  remained 
largely  speculative.  J.  K.  Rudra  and  W.  B.  Fowler’s  relaxed  neutral  oxygen  vacancy 
model  is  shown  in  Figure  6.18,  with  a Si-Si  bond  length  at  2.52  A.  In  their  calculation, 
they  find  one  occupied  state  at  -7.6  eV  (this  is  primarily  a silicon  sp  bonding  state)  and 
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Figure  6.18 


Minimum  energy  configuration  of  the  neutral  oxygen  vacancy. 
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another  anti-bonding  state  at  -0.98  eV  below  conduction  band  edge  which  are  in 
agreement  with  our  data. 

Most  of  the  defects  in  Si02  which  have  been  detected  by  ESR  have  been 
shown  to  be  either  a positively  charged  or  trapped  hole  center.  In  their  calculation,  Rudra 
and  Fowler  begin  with  the  neutral  oxygen  vacancy  configuration,  add  a net  negative 
charge,  and  then  allow  the  two  silicon  and  six  oxygen  atoms  to  relax  to  calculate  the  total 
energy  and  configuration  of  the  negatively  charged  cluster.  They  find  that  the  silicon 
relax  away  very  little  from  the  neutral  oxygen  vacancy  configuration  and  the  neutral 
oxygen  vacancy  will  trap  an  electron  and  form  a stable  negatively  charge  vacancy.  The 
electrical  energy  level  is  0.7  eV  below  the  conduction  band  edge. 

The  positively  charged  oxygen  vacancy,  Vo"^,  is  the  presently  accepted  model 
of  the  Ej’  center,  which  is  a fundamental  ESR-active  point  defect.  The  resulting 
minimum-energy  configuration  of  the  positively  charged  oxygen  is  shown  in  Figure  6.19. 
The  silicon  relax  asymmetrically  with  respect  to  the  vacancy.  The  unpaired  electron  is 
mostly  in  an  sp-type  orbital  localized  on  Si(0)  and  extending  into  the  vacancy,  and  the 
positive  charge  is  mainly  on  Si(l).  The  0/-i-  level  lie  5.5  eV  below  the  conduction  band 
edge.  Figure  6.20  shows  a double-positive-charged  oxygen  vacancy.  The  positive  charge 
is  mainly  localized  on  the  two  silicons  neighboring  the  vacancy.  The  +12+  level  is  1.3  eV 
above  the  valance  edge. 

The  energy  spectrum  for  the  existing  oxide  hole  traps,  Dq-j-  vs  E^p,  shows  that 
both  distributed  and  discrete  hole  traps  exist  inside  the  Si02’s  energy  gap.  The 
distributed  hole  traps  have  a rather  low  density.  A discrete  trap  with  a density-of-states 
peak  at  1.44±0.033  eV  is  consistent  with  the  1.3  eV  of  theoretically  calculated  bound 
state  energy  of  the  double-positive-charged  bridging  oxygen  vacancy  {+12+)  by  Rudra 
and  Fowler  [64]  and  Robertson  [119].  The  distributed  hole  traps  exhibit  no  oxide 
thickness  dependence  as  shown  in  Figure  6.21.  The  total  number  of  discrete  hole  traps 
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Figure  6.19  Minimum  energy  configuration  of  the  single-positively-charged 
oxygen  vacancy  (Ej’  center). 
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Figure  6.20  Minimum  energy  configuration  of  the  double-positively-charged 
oxygen  vacancy. 
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Figure  6.21  Total  number  of  distributed  hole  traps  versus  gate  oxide  thickness. 
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Figure  6.22  Total  number  of  discrete  hole  traps  versus  gate  oxide  thickness. 
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as  a function  of  oxide  thickness  is  shown  in  Figure  6.22.  It  shows  no  dependence  on 
oxide  thickness.  The  number  of  hole  traps  is  obtained  from  the  gate  voltage  shift  using 

1 t ^ox 

= xp0T(x)dx 

qXoT^  0 


^OX 


(6.15) 


q Xqt 

where  Pox  is  the  hole  trap  distribution  per  unit  volume,  Xqx  is  the  oxide  thickness,  Xqj  is 
the  centroid  of  the  positive  oxide  charge  measured  from  the  p"^  poly-Si  gate/Si02 
interface,  and  Eqx  is  the  static  permitivity  of  Si02-  Since  the  measured  effective  hole  trap 
density  exhibits  no  dependence  on  the  oxide  thickness  for  the  distributed  hole  traps,  the 
distributed  hole  trapping  centers  most  likely  are  uniformly  distributed  in  the  gate  oxide. 
The  discrete  hole  traps  are  located  close  to  Si/Si02  interface  which  is  reasonable  since 
they  are  expected  to  be  formed  during  thermal  oxide  growth  process.  For  the  thermally 
grown  oxide  layer  SiO^,  the  oxide  is  richer  in  Si,  x < 2.0,  when  it  is  closer  to  Si/Si02 
interface,  giving  more  oxygen  vacancy  and  thus  more  hole  traps.  It  is  consistent  with  the 
model  of  the  hole  trapping  center  located  close  to  the  substrate-Si/Si02  interface  [120]. 
However  that  model  failed  to  recognize  the  spatially-uniform  distributed  hole  traps  which 
also  has  an  energy  spectrum  distributed  from  near  Si02  valence  band  edge  to  1.44  eV 
above  the  valence  band  edge. 

The  physical  origin  of  the  distributed  shallow-level  traps  is  unknown  at 
present.  It  may  be  related  to  the  oxide  valence  band  edge  of  amorphous  band-tail  states, 
but  more  detailed  studies  are  required  to  verify  that  conjecture  [6].  Strong  evidence  is 
given  which  correlates  the  peaked  1 .44  eV  hole  traps  with  the  double-positive-charged 
oxygen  vacancy  in  conjecture  with  J.  K.  Rudra  and  W.  B.  Fowler’s  theoretical 
calculations.  Implications  of  this  model  should  be  studied  further  on  the  annealing  and 
formation  mechanisms  of  the  hole  trapping  centers,  in  particular,  in  combination  with 
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ESR  measurements  to  more  clearly  assign  the  particular  energy  level  to  specific  defect 
centers. 

At  present,  there  are  many  gaps  in  our  understanding  of  intrinsic  defect 
centers  in  Si02-  Measurements  such  as  those  proposed  here  would  go  a long  way 
towards  improving  our  understanding  of  the  nature  of  native  defects  in  Si02. 


CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 


Silicon  dioxide  is  an  important  component  of  the  VLSI  technology.  Although 
high  quality  silicon  dioxide  can  be  grown  by  the  state-of-the-art  oxidation  processes,  the 
degradation  of  silicon  dioxide  during  the  device  operation  is  unavoidable.  As  we  rapidly 
advance  toward  submicron  technology,  this  problem  could  become  even  more  severe  due 
to  non-ideal  scaling  which  leads  to  high  oxide  electric  field  and  high  channel  electric 
field. 

Positive  charge  build-up  in  the  gate  oxide  has  been  one  of  the  principal  causes 
of  MOS  transistor  instability  and  circuit  failure,  and  a perceived  cause  of  oxide  dielectric 
breakdown  and  interface  state  generation.  Although  considerable  progress  has  been  made 
in  process  technology,  the  fundamental  generation  or  build-up  mechanism  of  the  positive 
oxide-charge  during  electron  injection  into  the  gate  oxide  is  still  incompletely  understood 
after  nearly  twenty  years  of  studies.  Consequently,  there  is  no  physics-based  model  to 
account  for  the  much  better  reliability  or  lower  positive  oxide-charge  build-up  rate  in 
MOS  transistors  with  phosphorous-  or  arsenic-  doped  n+  polycrystalline  silicon  gate  than 
those  with  boron-doped  P+  polycrystalline  silicon  gate.  The  higher  instability  of  the 
p-t-gate  poses  a serious  design  constraint  on  the  submicron  p-channel  MOS  transistor  to 
attain  a ten-year  operating  life  by  complementary  MOS  (CMOS)  integrated  circuits.  Due 
to  the  lack  of  a physics-based  model,  there  has  been  a persistent  concern  on  the  severity 
and  even  the  existence  of  positive  oxide-charge  build-up  when  the  power  supply  voltage 
decreases  from  5 V to  3.3  V,  soon  2.5  V and  1.5  V in  future  generations  of  sub-0.5 
micron  Si  CMOS  integrated  circuits.  Therefore,  it  is  very  important  to  clarify  the  oxide 
degradation  mechanisms  under  the  high  oxide  electric  field  stress  condition,  from  the 
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viewpoints  of  oxide  reliability  improvement  and  scaling  limit  prediction  for  gate  oxide 
thickness,  and  time-to-failure  prediction. 

In  this  study,  positive  charge  generation  mechanisms  and  positive  charge 
trapping  centers  in  the  thin  gate  oxide  were  investigated.  Two  positive  oxide  charge 
generation  pathways  with  low  oxide  voltage  or  low  electron  kinetic  energy  threshold  in 

the  poly-Si  gate/Si02/Si-substrate  structure  are  correlated  with  experiments.  They  are 

0 

initiated  by  Fowler-Nordheim  electron  tunneling  through  sub- 100  A gate  SiOj.  These 
tunneled  electrons  in  the  polycrystalline  Si  gate  or  crystalline  Si  substrate  generate 
energetic  holes  by  interband  impact  generation  or  interband  Auger  recombination 
processes.  The  energetic  holes  are  then  back  injected  into  the  Si02  valence  band  by 
surmounting  the  4.25  eV  hole  barrier  at  Si/Si02  interface  and  captured  by  oxide  hole 
traps  to  form  positive  oxide  charge.  The  calculated  electron  threshold  energy  to  generate 
positive  oxide  charge  by  impact  generation  is  Vq^  = 5.37  V compared  with  4.92  ± 0. 1 0 V 
experimental  data,  and  by  the  Auger  mechanism,  Vqx  = 4.25  V,  compared  with  4.25  ± 
0.26  V experimental  data. 

Thermally  stimulated  hole  emission  technique  is  used  to  characterize  the  hole 
traps  in  the  gate  oxide.  It  shows  two  hole  traps  in  Si02-  The  shallow  oxide  hole  trap, 
near  the  Si02  valence  band  edge,  shows  a continuum  U-shaped  density-of-states  and 
could  be  associated  with  the  amorphous  band-edge  tail  states  from  the  Si02  valence  band. 
The  deep  oxide  hole  trap  is  very  sharp  with  peak  density  at  a measured  energy  level  of 
1.44  ±0.033  eV  above  the  Si02  valence  band  and  is  identified  as  the  hole  bound  state  of 
the  oxygen  vacancy  center.  The  continuum  U-shaped  shallow  oxide  hole  trap  shows  no 
thickness  dependence  and  is  uniformly  distributed  in  the  gate  oxide.  The  discrete  deep 
hole  trap  exhibits  strong  dependence  on  the  oxide  thickness  and  its  density  increases 
along  with  oxide  thickness,  which  indicates  the  discrete  deep  hole  trap  is  located  more 
closely  to  the  Si/Si02  interface.  These  dependences  are  consistent  with  the  amorphous 
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band-edge  tail  states  model  for  the  continuum  U-shaped  hole  trap  and  the  oxygen 
vacancy  model  for  the  discrete  deep  hole  trap. 
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